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ABSTRACT

Recently, carbon nanosheets (CNS), a novel nanostructure, were
developed in our laboratory as a field emission source for high emission current.
To characterize, understand and improve the field emission properties of CNS, a
ultra-high vacuum surface analysis system was customized to conduct relevant
experimental research in four distinct areas. The system includes Auger electron
spectroscopy (AES), field emission energy spectroscopy (FEES), field emission
l-V testing, and thermal desorption spectroscopy (TDS). Firstly, commercial Mo
single tips were studied to calibrate the customized system. AES and FEES
experiments indicate that a pyramidal nanotip of Ca and 0 elements formed on
the Mo tip surface by field induced surface diffusion. Secondly, field emission l-V
testing on CNS indicates that the field emission properties of pristine nanosheets
are impacted by adsorbates. For instance, in pristine samples, field emission
sources can be built up instantaneously and be characterized by prominent noise
levels and significant current variations. However, when CNS are processed via
conditioning (run at high current), their emission properties are greatly improved
and stabilized. Furthermore, only H2 desorbed from the conditioned CNS, which
indicates that only H adsorbates affect emission. Thirdly, the TDS study on
nanosheets revealed that the predominant locations of H residing in CNS are sp2
hybridized C on surface and bulk. Fourthly, a fabricating process was developed
to coat low work function ZrC on nanosheets for field emission enhancement.
The carbide triple-peak in the AES spectra indicated that Zr carbide formed, but
oxygen was not completely removed. The Zr(CxOy) coating was dispersed as
nanobeads on the CNS surface. Although the work function was reduced, the
coated CNS emission properties were not improved due to an increased beta
factor.
Further analysis suggest that for low emission current (<1 uA), the H
adsorbates affect emission by altering the work function. In high emission current
(> 10 uA), thermal, ionic or electronic transition effects may occur, which
differently affect the field emission process.

xvi
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2

CHAPTER I
INTRODUCTION
Vacuum electronics are important for a wide array of applications beneficial
to the military, space travel and the medical field. In the past, vacuum electronics
have used a thermionic emission electron source as a cathode, but these electron
sources cannot be miniaturized via existing technology. However, the industry of
vacuum electronics needs to adopt microelectronic technology in order to keep
pace with the next generation of applications. Utilizing field emission electron
sources appears to be a viable way to achieve vacuum microelectronics. The
motivation of this dissertation is to study the field emission properties of novel
nanostructure materials.
1.1 VACUUM ELECTRONICS AND ELECTRON SOURCES
Long before the era of solid-state technology, vacuum electronic circuitry
was used in a wide array of applications, and even today in a few specialized
fields, vacuum electronic circuitry offers some advantages over solid-state
electronics, especially in high-power and high-frequency applications.

Vacuum

electronic circuitry is predominantly comprised of vacuum tubes. Because a
vacuum environment does not impede electric current, there is much less
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3
scattering in a vacuum than there is in a solid-state material.

In addition, electric

current in a vacuum can be modulated by a much higher frequency than that in a
solid.

Therefore,

for high-power and

high-frequency applications vacuum

electronics remain the only viable technology.
The core component of vacuum tubes is an electron source, also called a
cathode, which emits free electrons into a vacuum. This electron source is
indispensable in a wide number of applications. For example, a high current
density electron source (>10 A/cm2) is required in a number of vacuum electronic
technologies

including

microwave

amplifier

systems,

high-speed

data

communications, and electronic systems such as radar and sonar. In addition, low
(<10mA/cm2) and middle (10mA~10A/cm2) current density electron sources are
utilized for scanning electron microscopes (SEM), electron beam lithography,
X-ray sources, and space applications, such as small satellite thrusters, and
electrodynamics tethers for satellite boosters1. All of these vacuum electronic
applications traditionally used a thermionic emission electron source for their low
cost and ease of manufacturing. However, thermionic emission electron sources
are not sufficient for some newer applications.
1.2 THERMIONIC EMISSION SOURCES AND THEIR DRAWBACKS
Thermionic emission sources emit electrons via a heated filament or a
small heated pack. Because the hot filament and its thermal shielding require a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4
large space, thermionic emission sources cannot be built on a microscale.
According to Fermi-Dirac statistics, when a cathode is at a high temperature (at
least 1275 K), the electrons in the cathode will expand their energy distribution.
The high-energy “tail” of the Fermi-Dirac distribution will extend towards the
vacuum side. The electrons in this high-energy “tail” have enough energy to
overcome the energy barrier, or work function, of the material.

When this occurs,

the electrons are freed from the source materials and escape into the vacuum as
an emission current. The emission current density of a thermionic emission
source is typically in the range of 0.5 -1 .0 A/cm2, and a maximum current density
can reach up to 100 A/cm2 (see reference1). To generate a useful current density
(1-10 A/cm2), most thermionic cathodes need to be heated above 1000°C.
However, there are five major drawbacks to thermionic sources which prevent
them from easily adapting to microelectronics. These drawbacks include a long
start up time, bulky geometry, wide electron beam energy distribution, thermal
aging leading to instability, and difficult thermal management.

1.3 BENEFITS OF USING FIELD EMISSION ELECTRON SOURCES
Thermionic electron sources are not acceptable for microelectronic structures,
because they require high temperatures and high power dissipations for normal
operation. In 1968, Spindt2,3 invented field emission arrays device (FEAs), which
was a promising breakthrough for field emission electron sources. The SEM
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5
pictures in Figure 1.1.1 shows the structures of these early FEAs.
FIGURE 1.1.1
Molybdenum
gate film

1.5 urn

Silicon
dioxide
' Silicon
substrate

Molvbdenuin

(a)

(b)

•» "f *

** «* '

(c)

(d)

A sample of “Spindt-type” field emission arrays, (a) The
general schematics, (b) A SEM picture of one field
emission unit in top view, (c) A SEM picture of the arrays,
(d) Cross-section of a field emission cathode. Pictures
are from a reference2.
Using field emission electron sources instead of thermionic electron
sources for vacuum electronics has several benefits. First, the response time of a
field emission source is much quicker than a thermionic one, allowing a wider
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array of applications.

Second,

a field

emission

electron

beam

has a

monochromatic energy distribution, much narrower than the wide electron beam
energy distributions associated with thermionic emission sources. This narrower
energy distribution helps reduce noise in vacuum tubes. Third, field emission
sources do not need thermal excitation, thereby eliminating the instabilities
caused by thermal aging. Furthermore, the use of a cold cathode reduces power
consumption. Fourth, field emission sources can be built into miniature devices by
microelectronic

processing

techniques

such

as

thin

film

deposition,

photolithography, and etching, which greatly reduce the size of the electron
source.

Finally, without thermal excitation, field emission sources do not require

thermal management.
1.4 LIMITATIONS OF “SPINDT-TYPE" FEAs
Although the “Spindt-type” FEAs had many advantages over thermionic
electron sources, many intrinsic problems found in these early “Spindt-type” FEAs
prevented them from becoming reliable field emission devices. For example,
“Spindt-type” FEAs were highly sensitive to the failure of one tip. When working in
a high current range, if only one “Spindt-type” cathode tip (out of millions)
malfunctioned,

the

entire

array

would

be

catastrophically

destroyed.

Phenomenologically, this failure can be explained by the arcing between the
cathode tip and the front gate. To solve this problem, every cathode tip must have
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a uniform geometrical field enhancement (/?) factor, allowing the total emission
current to be uniformly shared by all of the cathode tips, thereby preventing an
individual tip from being over-driven. However, the requirements for fabricating
thousands of uniform “Spindt-type” cathode arrays presents a tremendous
engineering challenge. Currently, there is no efficient way to circumvent this
problem.
In addition to tip sensitivity, there are other problems with “Spindt-type”
FEAs that prevent them from becoming reliable field emission devices. For
example, only about 10% of the tips in a “Spindt-type” FEA actually emit electrons.
Consequently, the total field emission current of “Spindt-type” FEAs needs to be
increased, especially for microwave power amplifier applications. Furthermore,
because of oxidation, “Spindt-type” cathodes require a very low vacuum
environment (<10'8 Torr) to ensure longevity.

However, providing the vacuum

environment necessary to make “Spindt-type” FEAs is another engineering
challenge.
1.5 CARBON NANOSTRUCTURES
One way to improve existing “Spindt-type” FEAs is to develop new field
emission materials. Over the past decade, numerous experimental and theoretical
works discussing the use of carbon nanostructures as field emission materials
have been published4. For instance, the field emission properties of carbon
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nanotube (CNTs) have been studied extensively5,6. An obvious advantage of
using CNTs for field emission sources is their high geometrical field enhancement
factor ( p f J , resulting in lower operational cathode voltages for higher field
emission currents. The geometrical field enhancement effect at the apex of a CNT
is determined by the nanotube’s length/radius ratio. Our research group recently
developed a novel carbon nanostructure, called a carbon nanosheet (CNS)8, as a
cold cathode material, and especially dedicated to high emission current FEAs. A
typical piece of carbon nanosheet averages 600 nm in height, 1 urn in width, and
1-7 graphene planes in thickness. Typically, the thickness of carbon nanosheets
decreases to a single graphene plane around the edges, leading to long, ultra-thin
edges, less than 1 nm thick. This unique morphology suggests that carbon
nanosheets might make excellent field emission edge-emitters due to their
promising geometrical field enhancement (/?) factor.

1.6 WORK SCOPE OF THIS DISSERTATION
The goal of this research was to develop advanced field emission sources
with higher emission current densities, longer operation lifetimes, and higher
durability than any other existing FEAs. Because chemical concentration and
structure determine a material’s physical properties, including field emission
properties, it was necessary to study both the structure and the chemistry of these
materials in order to develop an advanced field emission source with higher
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emission current. Therefore, my research focused on the chemical and structural
features of a traditional field emission material, molybdenum, as well as the
chemical and structural features of novel field emission materials such as carbon
nanosheets and zirconium carbides.

Building upon these general goals, this

dissertation addresses the following four fields:
I. To calibrate a field emission experimental system, and to understand the
surface state’s impact on field emission, Auger electron spectroscopy (AES) was
utilized to characterize the surface chemistry of Mo single tips. In addition, field
emission energy spectroscopy (FEES) was used to study the energy distribution
of a field emission electron beam from the Mo single tip.
II. To characterize field emission properties of carbon nanosheets, field
emission l-V testing (<10/uA) of carbon nanosheets was conducted. The impact
of conditioning on emission properties was studied. Hydrogen desorption induced
by field emission was observed and analyzed.
III. To study the status of hydrogen adsorbates in carbon nanosheets,
thermal desorption spectroscopy (TDS) was conducted. A numerical fitting
program was developed to analyzed the TDS spectrum
IV. To enhance field emission performance, a processing technique was
developed to produce a durable coating with low work function, using ZrC to coat
pristine carbon nanosheets.
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CHAPTER II
FIELD EMISSION THEORY
This chapter covers the background knowledge of field emission theories
(or models). The purpose is to introduce field emission science by using simple
descriptive language and equations. After reading this chapter, readers will have
a broad understanding of field emission science, field emission jargon, and the
limitations of field emission theories.
2.1 TUNNELING EFFECT
The tunneling effect is a physical phenomenon, which can’t be observed
or explained in our classic (macroscopic) environment. Because of the tunneling
effect, a particle or wave with a constant total energy (E), can penetrate an
energy barrier (V), even i f V > E . On a macroscopic scale, this phenomenon
doesn’t seem to make sense (e.g. it is hard to imagine any person can penetrate
a brick wall). On a microscopic scale, however, this effect can be observed and
explained by quantum mechanics. For example, a -particles (helium nuclei,
held in an atomic nucleus by the strong force can tunnel out of an element’s
nucleus. This process is called radioactive decay. Another example of the
tunneling effect is electron field emission. Under external electrical fields,
electrons can penetrate the Schottky barrier and tunnel out.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

13
Figure 2.1.1 shows a simple diagram of an electron traveling through a
piecewise step potential V (x), which is expressed in equation 2.1.1.

The

electron moves from the left side to the right side.
, x fO
x<0
V(x) = { .
.
[r(constant) x > 0

[2.1.1]

FIGURE 2.1.1

R wave

„

..
^l'k\ -x

1 F(x)

c„-e~ik
T wave

E

X

Zone: I

Zone: II

Potential energy diagram of an electron traveling in a
piecewise step potential V(x). The electron has a constant
total energy E. The electron moves from the left side to the
right side.
The dynamics of the moving electron can be found by solving the
Schrodinger equation1,2 (Equation [2.1.2])

2m
where i// is

-V y + F (x W = £ -^

[2.1.2]

the wave function of the electron; E is the total energy

operator of the e le c tro n ;

2m

V 2 is the kinetic energy operator; and V (x ) is the
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potential energy operator.
In Zone I, V = 0 and the equation [2.1.2] reduces to equation [2.1.3].

- f - V 2V = E - i r
2m

[2.1.3]

The solution of equation [2.1.3] is
iis = cr ei-k'-x + c2-e-hk'-x

kA

v^ ¥h

A

[2.1.4]

P -1-5]

where kxand k2 are wave vectors. The wave function cx-e'kl'x represents
the electron’s movement from the left side to the right side, andthe wave function
c2-e~hkyX

represents the movement backward (a reflected wave).

Both wave

functions are traveling waves.
At Zone II, equation [2.1.1] becomes equation [2.1.6].
fj2
- — ■V2y/ + V - y = E-y/
2m

[2.1.6]

The solution of equation [2.1.6] is:
y/ = c3-e~kyx

r 2-me\ V - E ) ^
ki =

h2

[2.1.7]

[2 . 1 . 8]

where c3-e yX is the wave function penetrating (tunneling) into the high
energy barrier. It is an exponential function, which suggests the amplitude
(intensity) of the wave decays quickly to zero.
Boundary conditions of equation 2.1.1 are wave functions and wave
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functions’ first-order derivatives must be continuous at the connection point (x =
0). This expression is mathematically presented by equation 2.1.9.
left

right

dVief,

dy/right

dx

dx

[2.1.9]

Applying the boundary condition to the wave functions at Zone I and Zone
II we get the following equations:
¥ left = ¥ righ t = > C, + c 2 = C 3

d W le f , _

d ¥ r ig h t

dx

dx

c\ ' K

c2' k\ — c3 •k2

[2 .1 .1 0 ]

[2 . 1 . 11 ]

Since c is the amplitude of a wave function, the transmission/tunneling
coefficient (T) and reflection coefficient (R) of the wave (electron) is:
R+T = 1
/

[2.1.11]

\2

R = El
KC2,

[2 . 1 . 12 ]

ek\ + k l )
[2.1.13]
(k1+k2y

Analytic solutions (equation 2.1.4, 2.1.7, 2.1.12, 2.1.13) obtained by
solving the Schrodinger equation 2.1.2 disclose that electrons moving toward the
right side (expressed by traveling wave function cx-eikyX) “hit” the energy barrier
x = 0 . As a result, some of the electrons bounce backward (expressed by
c2 •e~i'k''x) while some of the electrons tunnel into the energy barrier (a “wall” with
energy height V), represented by c3-e~kl'x . The penetrating electrons quickly
decay, thus either T or R is decided by E and V. These mathematical solutions
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are consistent with the experimental results. Quantum mechanics can thoroughly
explain the tunneling process occurring on an atomic scale.
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2.2 SURVEY OF FIELD EMISSION THEORIES
Field emission is a special case of the tunneling effect that occurs when
an electron tunnels outwards from a cathode (usually a metallic solid) to free
space (usually a vacuum), due to the application of a negative voltage to the
cathode. As demonstrated in the previous section, quantum mechanics (QM) can
successfully explain the tunneling effect in general, and can also successfully
depict the field emission process. In 1928, Fowler and Nordheim3 (F-N) were the
first to address the field emission phenomenon by QM methods. However, the
mathematical procedures F-N adopted were complicated and the physical
assumptions were too simple. For example, the F-N model only considers
tunneling electrons with normal energy distribution (NED). Even though Fowler
and Nordheim’s theory has limitations, their work on field emission was a
significant breakthrough, because they were the first to apply Sommerfeld’s freeelectron-model4 to study the field emission process. At that time, the freeelectron-model was a newly developed physics model used to describe the
behavior of electrons in a metallic solid using the relatively new field of quantum
mechanics. Fowler and Nordheim’s work qualitatively explained the relationship
between work function, electric field and field emission total current density. Most
of F-N’s ideas are still valid and the F-N model is one of the most widely
referenced theories in field emission science today.
In the 1920’s, experimental conditions for precise observation of the field
emission process were not available. Therefore the shortcomings of the F-N
theories were not discovered. However, in the 1950’s, with the advancement of
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research equipment, the energy distribution of tunneling electrons could be
measured in high resolution, Young5 observed field emission energy distribution
of a W single tip couldn’t be explained by the NED of the F-N model.
Theoretically, he improved the F-N model by considering the tunneling electrons
with total energy distribution6 (TED). One of the fundamental differences of NED
and TED relies on their distinct definition of the kinetic energy of emission
electrons. In NED model, the measurable kinetic energy of a field emission
electron beam is defined as the normal kinetic energy (the energy component
normal to the surface) of the field emission electrons. However, in TED model the
measurable kinetic energy is defined as the total kinetic energy of electrons.
Experimentally, Young and Muller5 designed an field emission energy analyzer
that successfully verified Young’s TED theory. Young’s work represents a
breakthrough in the field emission field, 30 years after F-N’s study. And it was
found that both NED and TED model could deduce to a same result, the FowlerNordheim equation, which can calculate field emission current density.
In 1967, Duke and Alferieff7 (D-A) introduced a new field emission model,
which considered the influence of adsorbates on the field emission surface.
Instead of taking the adsorbates’ influence as a work function deviation ( A ^ ), the
D-A model treats the impact of adsorbates as a quantum “sink” superimposed on
Schottky barrier. Tunneling electrons will experience resonance because the
electron wavelength is comparable with the width of quantum “sink”. Duke and
Alferieff’s

methods

satisfactorily

explained

some

experiments

that

had

contradicted the F-N model. By expanding the horizon of field emission theory,
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the Duke and Alferieff’s concept of “resonance tunneling” marked a breakthrough
after Young and Muller’s work.
Before and after Duke and Alferieff, many prestigious field emission
scientists, such as Stratton8, Plummer9,10, Gadzuk11, Swanson12,13, Crouser14,
and Cutler15 have researched field emission from various perspectives through
experimental and theoretical exploration. The effects of the electrons’ orbital12,13,
the band structure of semiconductor cathodes8 and local density of states11 on
field emission have been widely addressed.
In the past 20 years, field emission studies on nanostructures (especially
carbon nanotubes) have become a research frontier16'18. A single wall carbon
nanotube (SWNT) has an extremely sharp tip geometry, which implies they might
be one of the best candidates for field emission sources. To theoretically
understand the field emission from nanostructures, field emission scientists are
utilizing advanced numerical computational capabilities, not available 20 years
ago, to simulate the field emission process16,19. Some of this computational work
has increased our understanding of field emission, but many studies are still
ongoing.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

20
2.3 FOWLER AND NORDHEIM (F-N) THEORY
As mentioned in the previous section, the F-N theory is the most
referenced theory in field emission research. However, most contemporary
researchers don’t bother to consult Fowler and Nordheim’s original work
published in 1928. Instead, most modern scientists utilize the equations that
Muller, Good20, Young6, and Gomer21 deduced in the 1950’s. The more recent
versions of the F-N theory are slightly different from the original one. The F-N
equation widely adopted today is a combination of works contributed by Fowler
and Nordheim, as well as many other field emission scientists, to whom we give
credit as well.
In this section, we will introduce how Good and Muller20, and Young6
improved the F-N equation in the spirit of the original F-N theory. Applications of
the F-N equation will be examined in the next section.
The F-N theory is used to predict electric current density (jFE) caused by
the tunneling effect. In section 2.1, QM precisely predicted the tunneling
probability of one electron. Similar methods were used by Good and Muller to
calculate tunneling current density (jFE) of electrons in a metallic cathode under
high voltage. A potential energy diagram describing the field emission process is
presented in FIGURE 2.3.1.
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FIGURE 2.3.1

-w,

One-dimensional potential energy V (z) of an electron near
a metal surface, the diagram is the courtesy of Young6
Three factors contribute to this potential. They are the ground potential
level ( - W ) inside the solid, an electric field (F), and an image-force ( --------)
4-z
outside the solid (a phenomenological term). The outside potential was named
the Schottky barrier22. These three factors combine to give a mathematical
presentation of the potential energy:
z<0
V(Z)-

- e - F - z —4 -z

z>0

[2.3.1]

Equation [2.3.1] is a counterpart to equation [2.1.1]. To solve the dynamics
of the moving electrons in z-direction, the time-independent Schrodinger
equation, equation 2.3.2, is applied. Equation [2.3.2] is a counterpart to equation
[2 .1.2],
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[2.3.2]
where W is z-part of electrons’ kinetic energy and defined as:
p2

W=E—

p2 _2

y
2------ -

2m

2m

= -*-+V(z)
2m

[2.3.3]

Exact solutions to equation 2.3.2 yield the dynamics of a field emission
process. However, it’s very hard to find exact solutions of equation 2.3.2, so the
equation has been studied using the WKB approximation method1,2. The total
tunneling current density (jFE) of conduction electrons is expressed as
[2.3.4]

Where D ( W ) is the probability of penetration of the energy barrier, and it’s
referred to as the transmission coefficient. D ( W ) is given by the WKB
approximation method as6

[2.3.5]

Where c and d are slowly varying functions and can be treated as
constants6,20. The Fermi energy level is represented b y | . The supply function
N ( W ) is the current density of conduction electrons which physically “impinge”
on a surface. The ab initio formula of a current density in QM is2:
[2.3.6]

The supply function N ( W ) is given by Young as6:
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N ( W ) = A ! t ” ; k T M l + e~T?)

[2.3.7]

The distribution of electrons with a normal kinetic energy (W) is expressed
in equation [2.3.8], where P(W)-dW is called the normal-energy distribution
(NED) 6 of field emission electrons.
P(w)-dW = N(W)-D(W)-dW

[2.3.8]

Insert [2.3.5] and [2.3.7] into [2.3.8]:
P(W)-dW =

A-n- m-k -T
iF~

•exp

-c +

w -£
d

w-4

ln(l + e kT) - dW

[2.3.9]

For field emission in the zero-temperature approximation, [2.3.9] is
reduced to:
A-n-m
V

P(W)-dW

-fc+f l ^
e K d)-ed ■(Z-W)-dW

w<%
[2.3.10]

0

w>%

By inserting [2.3.10] into [2.3.4], the total tunneling current density (jFE) is
acquired in [2.3.11]. The unit of work function (</>) and field (F) are eV and
volts/cm respectively. The relationship of F and W is defined by [2.3.1] and [2.3.3]
and figure 2.3.1.
i r c = ‘ - t w D(W)-N(W)-dW
1.54xl0~6 ■F 2
</>-t2(y)

where

Amp/cm2

[2.3.11]

•exp -6 .8 3 x l0 7 •— •v(.y)

F2

>’ = 3 . 7 9 x 1 0 ------
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And t and v are slowly varying functions 6,20 and with t usually «1. Some
values of t and v are listed in Table 2.3.16,20
TABLE 2.3.1
9

»<y>

0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1

1.0000
0.9948
0.9817
0.9622
0.9370
0.9068
0.8718
0.8323
0.7888
0.7413
0.6900
0.6351
0.5768
0.5152
0.4504
0.3825
0.3117
0.2379
0.1613
0.0820
0

,

1.0000
0.9995
0.9981
0.9958
0.9926
0.9885
0.9835
0.9777
0.9711
0.9637
0.9554
0.9464
09366
0.9261
0.9149
0.9030
0.8903
0.8770
0.8630
0.8483
0.8330

Hf)

1.0000
1.0011
1.0036
1.0070
1.0111
1.0157
1.0207
1.0262
10319
1.0378
1.0439
1.0502
1.0565
1.0631
1.0697
1.0765
1.0832
1.0900
1.0969
1.1037
1.1107

Computational values of the functions of v (y), s (y) and
t(y)
For simplification, [2.3.11] is usually approximated20 as:

1.54x10 -6 - F 2
Jfex

: ------------exP -6 .8 3 x l0 7 •— 'v (^ )

F

amp/cm2

[2.3.12]

Equation [2.3.12] is the standard F-N equation in the zero temperature
approximation. According to equation 2.3.11.a and table 2.3.1, if F 2 » 0 ,
th e n j/> l and v(>>) » 0 , which means j FE will be saturated at a high electric field.
Current density ( j FE) is a fast varying function controlled by ^ and F . In the next
section, the application of this equation will be discussed.
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As a normal-energy distribution (NED), P(W)-dW represents the energy
distribution of tunneling electrons according to their normal component (zdirection, which is normal to the surface) energy (W). Because NED is conserved
even at locations far from the field emission surface, NED is particularly suitable
for describing field emission phenomena in planar geometry. However, for field
emission in a spherical geometry, such as field emission at a single tip apex,
NED is not adequate. Therefore, Young6 constructed a total-energy distribution
model

(TED)

in

the

spirit

of

the

F-N

model.

Young’s

total-energy

distribution, P ( E ) - d E , represents the distribution of tunneling electrons according
to their total kinetic energy (E). TED successfully described the field emission
process at a single field emission tip. Figure 2.3.2 shows the TED and NED of
field emission electrons, which indicates that the peak in TED is much narrower
than that in NED. The calculated full width at half maximum (FWHM) of the TED
peak

is

about

0.2eV,

which

is

consistent

with

several

observations5,13,23.
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Theoretical and experimental total-energy distribution
(TED) of field emission electrons at liquid hydrogen
temperature.
The
theoretical
normal-energy
distribution is plotted for comparison. £ is the Fermi
energy. After Young5.
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The expression of P(E )-dE is given as equation [2.3.13]6.

P(E )-dE

[2.3.13]
E ~% +11
exp ----k-T

The definition of c and d are the same as that in equation [2.3.5].
In equation [2.3.13], the energy-dependent component (in the big square
bracket) is the product of the transmission coefficient function (equation [2.3.5])
and the Fermi-Dirac distribution function, which embodies the free-electron
model of F-N theory. Through the integration of equation [2.3.3], also called TED,
the total tunneling current is acquired as:
[2.3.14]
The calculation of [2.3.14] can produce the same results as [2.3.4]. Both
TED and NED methods can be used to calculate the total field emission current
density ( j FE), which will lead to the same standard F-N equation described by
[2.3.11]. The validity of the equations has been widely supported. Flowever, to
describe the energy distribution of field emission current, TED and NED are
suitable for distinctly different field emission sources. According to Young6, the
NED method is suitable for field emission from a purely flat-plane source, which
is an ideal situation. In reality, however, field emission always launches from local
micro-protrusions or nano-protrusions of a plane source. Therefore, NED has
never been experimentally verified. Flowever, for field emission at a single
microtip source,

experiments5,13,23 indicate that TED theory

is successful at

illustrating the field emission energy distribution (FEED). Nanotip formation on
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the apex of microtip is a recent discovery23,24. It was found even TED model is
insufficient to explain FEED of the nanotips because local density of states of
nanotips may affect the tunneling process. Chapter 4 (Experiment methods) will
discuss how to measure the field emission energy distribution (FEED)
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2.4 FOWLER-NORDHEIM (F-N) EQUATION
In a simplified format of the F-N equation, the field emission

current

density, j in A/cm2, is given as a function of the surface electric field F,in V/cm,
and work function $, in eV, by the equation20,25:
3

F2
±2
y = (1.54xl(T6— )exp[-6.83xl07-^r v (j)]

(Amp/cm2)

[2.4.1]

where v ( y ) is the Nordheim elliptic function20,25 given by equation 2.3.11.a.
i_

>>= 3 .7 9 x l(r4—

[2.4.2]

The work function ( ^ ) of some solid-state metals are shown in Table 2.4.1,
which shows that work function (0 ) falls in the range of 2-6 eV. The listed values
in the table are averaged values. In reality, the facets, defects and nanotips
determine the local work function and thus control field emission from these
metals. Therefore, the crystal orientation is not totally relevant.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

30

TABLE 2.4.1

Compound Suifoce AfeV)
Ag
(100)..... l« i ... .......
4.52
<11#
4.74
(111)
Al
420
<m
4J06
(110)
426
(*ii)
Am
547
<10#
<110)
5.37
521
(HI)
Be
Cu
Be
Ge
K
Mg
Mo

(0001)
(10#
(110)
(111)
(100)
( t ll) 2 x l
(111)2x0
(Ilfl)
(100)

(MW)
<n#
( t il)

vWlipOwWshUImv
Ns

l«l
m
f*
Si

5.1
5.IO

448
4.91
447
440
423
229

3.71
4.53
4.95

W
SiC
AIN
GaAs
GoSb
InP

A(«V)

10
4.02
am
447
am
426
(HD
522
(1001
5.0*
Hi#
525
(HI)
(10#
.544
(111)2x1445
a m

......

(111)7x7
(100)2x1
(10#
(11#
(H I)
#0(01)
(10#
(» #
<11#

(H#

420
447

443
5.25
447
44
525

526
4.9)
525

425

t(dOeS aSS SOtSJMed BSSiiSly 6 y p6stOSSSlS*ioa^ OMt st®M OPSfft OhSOSHdSMSlSS*0<S

usiagEq.(19.9).ant by measuring curKKscmiiud undtrMfong electric fieUk.
Source: Landolt end BCrnswln (Hew Series) vol. 17 and H filzl and SchulK
(1979). p. 86.

Work function of common metallic materials. After
Marder22 (p 653)

Given field (F) and work function {(/>), emission current density ( j ) can be
evaluated via equation 2.4.1. Some values of current density ( j ) are presented
in Table 2.4.2, which suggest that field emission current density ( j ) is a fast
varying function of field (F) and work function (^).
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TABLE 2.4.2

(eV)

2.0

4.5

6.3

4.68E-4

1.26E-13

F (V / nm)
1.0E+3

9.55E+2

1.2E+3

2.82E+4

2.0E+3

2.50E+7

3.0E+3

3.72E+1

4.0E+3

1.51E+4

1.32E-1

6.0E+3

1.78E+3

8.0E+3

2.19E+5

Some

computational

values

of

current

density,

ji^A/cm2), after the F-N equation 2.4.1, calculated by
Muller26 and Dolan 27

The yellow cells in Table 2.4.2 indicate that j increases dramatically with a
linear variation of F. The blue cells in Table 2.4.2 indicate that if ^ increases a
few eV, j will decrease many orders of magnitude. Table 2.4.2 also suggests that
observable field emission requires F larger than 103 V/pm.
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FIGURE 2.4.1

Bulk

Vacuum

Surface field F

4.5 volts

= 3 x 1 0 3V / M m

d> = 4.5eV
Fermi level,

Tunneling distance 15 A

Potential-energy diagram of electrons at a Fermi surface in
the presence of an applied field and work function

For a surface field of 3E+3 V/pm, and a work function of 4.5 eV, field
emission current density, 3.72E+1 A/cm2, is presented in the red cell in table

2.4.2. Tunneling distance through the energy barrier is 15A. This tunneling
distance is five times greater than a typical lattice constant of 3A. With a higher
field (F) or lower work function, (j> , there is a higher probability of electron
tunneling. With a lower field (F) or higher work function (0 ) the tunneling distance
increases, with less chance of tunneling. Consequently, tunneling distance
determines the intensity of field emission current density for a given density of
states (supply function).
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2.5 WORK FUNCTION
Work function ( ^ ) is the minimum energy required to remove an electron
from the interior of a solid to a position just outside the solid. The molecular
counterpart of work function is the ionization potential (IP). Bulk properties and
surface states are the primary factors determining work function
</>= Wb+Ws

[2.5.1]

Where W b and W s are energy terms contributed by the bulk and the surface
respectively. For the purpose of simple illustration, metal material is used for as
followed discussion.
The first component of work function, the differential potential energy (W b), is
determined by the bulk property of an ideal infinite large metal. The physical
meaning of bulk work function ( W b) is determined by an attraction force, which
all of the positive metallic ions exert on the electrons. For the mathematical
expression of bulk work function, Wb = |Uvac - U in\ where the chemical potential
(Ujn) is the highest filled energy level of electrons in the infinite solid and vacuum
potential (Uvac) is the energy of the electron in a field-free vacuum. A simple
phenomenological illustration of W b is shown in FIGURE 2.5.1 from which,

4x

[2.5.2]

The distance from a position in vacuum to the surface is labeled asx. As
depicted in the figure, once an electron leaves the metal, it will be attracted back
to the metal by a positive image charge. This exertion force implies that an
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escaping electron will experience a potential energy change ( W b).
FIGURE 2.5.1

e le c tr o n

x

Image-charge diagram. An imaging force
force attracts an
escaping electron. After M a rd e r2 (p519)

While it is possible to create a new rigorous mathematical model of W b,
which account for the type and arrangement of positive ions in the lattice, the
solution of such a description is also much more complicated. According to
Marder22, the experimental value of W b is typically about a few eV for most
metals.
The second component of work function ( ^ ) is dependent on surface
states. Ashcroft and Mermin4 qualitatively described how a surface state
influencesW s. For a real solid, the charge distribution ( p ) of the surface differs
from that of the bulk (the interior of a solid). For an infinite crystal with inversion
symmetry, the total charge (Q) and total dipole moment (P) of Wigner-Seitz cells
inside the solid is zero.
[2.5.3]
[2.5.4]
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Therefore, an ideal infinite crystal has Ws = 0. However, we know that
surface ions and surface electrons of real solids reside in different conditions
than their interior counterparts. The positions of the surface ions will, in general,
be slightly displaced (expanded) from their ideal Bravais lattice positions. Instead
of remaining rigidly in a Wigner-Seitz cell, the outermost electron cloud will “spill
over1’ to the vacuum side. Therefore, the surface charge distribution ( p ) loses the
symmetry of the bulk Bravais lattice, and deviates from the bulk charge
distribution ( p ) . Consequently, total charge (Q) and total dipole moment (P) of
surface Wigner-Seitz cells are nonzero. FIGURE 2.5.2 and FIGURE 2.5.3 show
the potential energy diagram with and without distortion of charge distribution ( p )
respectively.
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FIGURE 2.5.2
solid
vacuum

(a) The electric charge density ( p ) near the surface of
a finite crystal if there were no distortion in cells near
the surface. The density is plotted along a line of ions.
Vertical dashed lines indicate cell boundary. (b)The
format of the crystal potential U determined by the
charge density p in (a), along the same line. Far from
the crystal, U drops to zero. Courtesy of Ashcroft and
Mermin4 (p358)
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FIGURE 2.5.3
solid

vacuum

(a) The actual form of the electric charge density ( p )
near the surface of a crystal. Note the electron
deficiency in the two cells nearest the surface and the
gain of electric charge density on the vacuum side of
the surface. This kind of distortion produces a “double
layer", (b) The form of the crystal potential determined
by the charge density in (a). The distortion leads to
additional energy (Ws) to remove an electron. After
Ashcroft and Mermin4 (p358)
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The non-zero term of total charge (Q) and total dipole moment (P) directly
causes an applicable net macroscopic electric field (Fs) at the surface of a crystal.
Because of the electric field (F J , it takes more energy (Ws) to drive an electron
through the outside surface towards the surrounding vacuum.
[2.5.6]
For simplification, in some models, the surface charge distribution ( p )
distortion

is

represented

as

uniform

macroscopic

surface

dipoles.

For

convenience, it is called a “double layer” 42' 2228. The double layer’s contribution
to work function ( <f>) range from a few tenths to a few eV. Consequently, this
double layer makes the work function sensitive to both surface contamination,
and the exposed crystallographic face.
In conclusion, both bulk and surface properties affect the work function.
The attraction force by ion lattices determines the bulk contribution ( Wb). While,
the distortion of surface charge distribution determines the effect of the surface
on the work function (tVs). The preceding discussion was based on the simple
example of a single crystal metal. Models of other materials, e.g. semiconductors,
are more complicated but should follow the similar discussion process.
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2.6 GEOMETRICAL FIELD ENHANCEMENT FACTOR ( 0 )
To calculate field emission current density by the F-N equation, the local
electrostatic field at the field emission source must be known. However, local
field (F/ocai) can’t be measured. Only a voltage applied to a field emission cathode
( Kppiy) 's measurable. A local geometrical field enhancement factor (0) relates
applied cathode voltage (Vapply) to local field (F,oca/), which is a simple way to
acquire

F / 0Ca /..

Note that

0

is by no means a standardized conventional physical

parameter; it is adopted in various representations in different contexts for
practical convenience only.
The earliest application of

0

is found in the work of Good and Muller20,

who studied field emission of metallic single tips. A schematic of a single tip field
emission system is shown in FIGURE 2.6.1. The apex of the Mo (110) tip has the
highest field strength, where electron tunneling occurs. The surface field at the
apex is defined by29 F = 0 - V , where V is the applied cathode voltage and 0 is a
geometrical enhancement factor for a smooth tip. The geometrical field
enhancement factor (j6) depends upon the radius of the tip such that/? = 1/ ( k - r ) ,
where k * 5 near the apex and k increases with polar angle. Charbonnier21,29,3°
found an empirical expression for k by the electron-microscopic examination of a
i f Y 13
large number of emitters. This relation, k = 0.59-e3 ■ —
, where r (cm) is the tip
yrj
radius, x (cm) is the tip-to-screen distance, and e (deg) is the emitter cone angle.
Charbonnier found the value k of most emitters is ~5. If 2.5 kV is applied to a tip
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emitter with a 100 nm radius, the apex field will be about 5E+3 V/pm, resulting in
a sufficient surface field for observable field emission current.

FIGURE 2.6.1

Electron beam

( I rid ( L’ rounded)

11ighesl local Held
siren at h

V a c u u m I a n iron men i

I li g h \ olta g e ( cath o d e )
2K -5 K .V

Mo110_APEX1

A schematic of a single-tip field emission system

Other definitions of geometrical field enhancement (ft) have appeared in
recent field emission research on thin films with nanostructures such as carbon
nanotubes (CNTs). In Buldum and Lu’s work31, p = Elocal f Eapplied, where E/ocai is
the local electric field and Eapp«ec/ is the applied (or macroscopic) electric field
using a planar diode structure. Before the discovery of CNTs, it was difficult to
utilize thin film materials as a field emission source, because of the limited
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surface field strength of a planar electrodes structure. The numeric calculations in
the previous chapter demonstrate that fields of the order of 3~7E+3 V/jum are
necessary for appreciable field emission. For example, to acquire a steady 3E+3
V//7m between planar diode electrodes requires a 300 kV potential between
electrodes spaced apart 100jum. However, if there are protrusions with small
radiuses on the planar cathode electrode surface, much smaller field strength is
required for field emission. Numerous experiments have shown that for a planar
diode coated with CNTs, a macroscopic field of 10V/jum is sufficient for
measurable field emission, because the very small radiuses (10~50 nm) of CNTs
enhance the local field strength at the apex of the nanostructures. A generalized
expression31 in the form, (3 =m+ hIp, where m = 2, h is the tube height, and p is
the hemisphere’s radius, has been shown to reasonably represent the CNT
emission. A CNT of 1/vm in height and 20nm in radius yields a p = 502. A 1kV DC
potential applied to a planar diode with 100/jm spacing, the local field strength at
the CNT apex is approximately 5 E+3 V/jum, and is therefore sufficient for
electron emission.
It is helpful to use beta factor in order to visualize how the geometry of
electrodes influences the local field strength. However, any attempt to quantify /3
should proceed very cautiously32. Unless the exact shape of a micro-protrusion
or nano-protrusion is known, uncertainty will exist over any theoretical prediction
of beta factor. For instance, Forbes 32 noted if the protrusion is ‘of atomic
dimensions’ then it may be inadequate to carry out electrostatic simulation based
on the assumption of ‘perfect conductors’. In principle, the distribution of electron
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charge should be calculated using quantum mechanics, and field distribution
needs

to

be

deduced

from

the

atomic-level

charge
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2.7 ADSORBATES AND RESONANT TUNNELING
The F-N theory successfully explains the field emission phenomenon that
emanates from clean metallic crystalline surfaces. Presently, field emission
scientists are readily applying the theory to a broad range of field emission
phenomenon, from metallic single tips to carbon nanotubes (CNTs). However, the
introduction of adsorbates onto field emission surfaces challenged the simplicity
of the F-N theory.

Researchers7,9,33 discovered that tunneling electrons would

experience resonance under certain conditions, thus expanding the classic F-N
theory. The following paragraphs will discuss the relationship of adsorbates and
tunneling resonance.
Originally, it was believed adsorbates affected the field emission only by
varying the surface polarization (double layer). The influence of adsorbates was
examined from a macroscopic perspective and was mathematically expressed by
a deviation in work function ( A ^ ) . It was a convenient way to treat the field
emission issue, because the influence of adsorbates on field emission could be
predicted both qualitatively and quantitatively. However, Delchar and Enrlich’s34
experimental work showed that, when atomic nitrogen chemisorbed on the (100)
plane of tungsten, both the measured work function, and the total field emission
current were simultaneously reduced. This observation contradicted the F-N
model, and indicated that the role of adsorbates on field emission is more
complicated than was previously realized.
Duke and Alferieff 7 suggested that the adsorbates modify the field
emission process by changing the shape of the tunneling potential barrier. In the
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F-N model, the tunneling potential barrier approximates a triangular hump (see
FIGURE 2.3.1). However in the Duke and Alferieff’s model, adsorbates act as an
energy-momentum source (sink) for the tunneling electron, therefore a quantumwell is superimposed on the single hump. Duke and Alferieff treats the effect of
the adsorbate as a square quantum-well outside the surface of the metal (see
FIGURE 2.7.1), which reflects the atomic nature of a single adatom (or
monolayer). When a tunneling electron has the same energy as a bound state of
the adsorbates, the tunneling electron will experience resonance transmission,
due to the interference of the de Broglie wave of the electron. FIGURE 2.7.1
shows a schematic of the potential energy diagram according to Duke and
Alferieff model.
FIGURE 2.7.1

Schematic illustration of the one-dimensional, oneelectron pseudo-potential used to describe field
emission from a metal in the presence of an adsorbed
atom
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According to Duke and Alferieffs evaluation, metallic adsorbates, e.g. Cs,
cause a wide resonance, additional peaks in the field emission energy
distribution, enhancement of the field emission total current, and a smaller slope
of the F-N plot. Neutral adsorbates with bound states below the metallic
conduction band induce both reductions in the total current and the slope of F-N
plots. Duke and Alferieff’s theoretical study on neutral adsorbates successfully
explained Delchar and Enrlich’s prior experiments, thus encouraging researchers
to use the Duke and Alferieff model to study other field emission phenomena9,33
The discovery of resonance tunneling extended the understanding of field
emission science. Flowever, more recent field emission experiments have been
reported in which the F-N model, the Duke and Alferieff model are not sufficient
to explain the results. The next section will introduce the developing theories
concerning the impact of adsorbates on field emission.
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2.8 ADSORBATES’ IMPACT ON REAL FIELD EMISSION DEVICES
Recent studies indicate that the impact of adsorbates on real field
emission devices can vary18,35,36. Sometimes adsorbates degenerate field
emission sources and sometimes they enhance them.

Understanding the

interaction of adsorbates with field emission sources is a developing process.
Below, several different cases are presented for comparison.
Chalamala35 et al studied the effects of O2 on the field emission properties
of several Spindt type molybdenum field emission arrays (FEAs). They found that
exposure of the FEAs to O2 led to field emission degradation. Emission can be
recovered for low exposure (<10L), but high exposures (>1000L) resulted in
permanent emission loss. To develop a degradation mechanism, Chalamala
suggested a dynamic process: as field-ionized oxygen (0 +) is accelerated
towards the tip’s surface, MoOx complexes are formed. This oxide coverage
increased the tip’s work function

and decreased field emission

current.

Chalamala concluded that oxygenic gas, such as O2 , adversely influence the
lifetime of metallic FEAs. Based on this assumption, it is critical to control the
residual gas in a vacuum environment in order to control the performance of field
emission device.
Other researchers18,37 found that adsorbates enhance the field emission
current

from

sources

such

as

carbon

nanostructures.

Carbon-based

nanostructures, such as carbon nanotubes (CNT, single wall or multi-wall) and
carbon

nanofibers (CNFs),

have nano-scaled apexes,

implying

promising

applications for field emission sources. The effect of adsorbates on these
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materials is a current research frontier, which has produced interesting, but
incomplete results.
Collazo’s

experimental

work36 indicates

that

by adjusting

vacuum

background pressure, adsorbates can enhance field emission from a single wall
carbon nanotube (SWNT). He suggested that, under a high electric field, the
large emission current would cause a thermal effect and remove adsorbates from
a field emission surface. His work claims that the adsorption/desorption process
is fully reversible. However, his work does not explain what kind of adsorbates
were applied in his system, and how/why the adsorbates increased the field
emission current. Further research should address these unanswered questions.
Work done by Motorola18,37 also discovered the positive effect of
adsorbates on field emission. While O 2 and H2 were not found to affect the field
emission behavior appreciably, adsorbed water could significantly enhance the
emission current. Dean37 showed CNTs with water adsorbates have a higher field
emission current than dry CNTs. However the higher field emission wasn’t stable.
Additionally, high adsorbate coverage induced irreversible degradation of the
CNT samples. To explain Dean’s work, Maiti18 tried to simulate the enhancement
effect caused by adsorbates. In his work, the interaction of nanotube tips with H2
or H20 was computed by the first principle density function theory (DFT). Maiti
found that, under the field emission process, the polar molecules water were
attracted to the apex of a CNT, where the water formed a stable complex,
sustainable to several hundred degrees Celsius. This complex could decrease
ionization potential, thus enhancing the field emission current. In contrast to H20 ,
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non-polar molecules, like H2, interact weakly with the apex, even under field
emission. Therefore, it is not stable for H2 to remain at the apex.
Studies by Chalamala, Collazo, Dean and Maiti et al are all part of the
continuous experimental and theoretical work in a new field, in which further
understanding of field emission phenomena is not available through the F-N
and/or Duke and Alferieff models, but will be accumulated by more fundamental
research.
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2.9 TURN-ON-FIELD

Turn-on-field, or turn-on-voltage, is often utilized to describe the field
emission capability of novel materials/devices. A smaller turn-on-field/voltage is
good from an engineering perspective because it saves energy and increases
flexibility of application. In the technical proceedings of the 2004 International
Vacuum Nanoelectronics Conference (IVNC 2004), the term “turn-on-field” is
used 22 times, and the term “turn-on-voltage” is used 31 times. However, classic
field emission scientists such as Fowler, Nordheim, Muller, Young, and Gomer,
didn’t use the terms “turn-on-field/voltage” in their manuscripts. The purpose of
this section is to deliver an accurate description of these terms, and to disclose
the limitations of using them.
Basically, field emission process can “turn on” at any non-zero field (voltage)
as explained by quantum mechanics (see the F-N equation). With a small field,
the tunneling probability (field emission current) is very low, but still exists.
Therefore, from a theoretical perspective, there is no true threshold value for the
field emission process. In engineering, however, there is a real threshold value
(in total field emission current) required either for applications or for testing. For
instance, a common threshold is set at 10 nA of anode current. According to this
pre-defined level of anode current (10 nA), a specific value of the electric field (or
cathode voltage), say, F tum-on (VtUm-on) could be recorded in an field emission l-V
test. Therefore, F,um.on {Vtum.on) should be a measurable value. For fields larger
than this value, the anode current is higher than 10 nA. Thus, an operator could
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claim a field emission device is turned on (like a lamp turned on by a switch) at
10 nA.
Utilizing turn-on-field/voltage to judge field emission devices is reasonable,
if they are all tested under the same experimental set-up. Unfortunately, the term
“turn-on-field” is often used to compare peers’ results under varying testing
environments. But before a fair and meaningful comparison can be made, some
experimental parameters must be addressed. Firstly, the definition of turn-on
field/voltage is based on the subjective selection of a threshold field emission
current value (like 10nA). When comparing the turn-on-field/voltage of different
research groups, it’s very important to find out their threshold field emission
current, otherwise, different standard levels were set for the comparison.
Secondly, field emission current is dependent on the size of the emission area.
For example, the turn-on field for a total current of 10 nA samples with total areas
of 1 mm2 or of 1cm2, will probably be much different. Thirdly, even if the emission
area is known, the density of field emission sites also makes a difference. For
example, for two samples of equal size, sample A may have 1000 emission tips
(assume a field emission arrays device, FEAs), but sample B may have 10,000
emission tips. Obviously, B would over-run A because of the scale-up effect, but
it doesn’t necessarily mean the field emission capability of an individual tip from
sample B is better than one from sample A.
Earlier field emission scientists didn’t worry about the turn-on field. Instead,
they concentrated their research on fundamental questions such as the
relationship between field emission current density, work function, surface fields,
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and field emission energy distribution. Only recently have threshold values, such
as turn-on-voltage, become critical for application and engineering, in order to
develop advanced electron sources for vacuum electronics. To avoid the misuse
and misunderstanding of these values, researchers must first analyze the field
emission physics of any field emission source. Thus, to understand the
fundamental mechanisms of field emission source, classic field emission theory
still prevails.
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2.10 CURRENT DENSITY
Previous discussion of the F-N equation suggests that the field emission
current density can be calculated if the materials’ work function ( ^ ) and the
applied field (F) are known. Table 2.10.1 lists the theoretical current density for
various fields, when work function equals 4.5 eV.

TABLE 2.10.1
Surface Field
(x lE+3V/^m)
3
3.4
3.8
4.4
5.2
6
6.8

Current density
(A/cm2)
4.07E+01
6.03E+02
5.13E+03
6.31E+04
7.59E+05
4.79E+06
2.00E+07

Field emission current densities for various surface
fields, assuming work function is 4.5eV. Data
calculated by F-N equation25.

According to the calculation, for a surface field 3E+3V/pm (tunneling
distance of 15A), the calculated current density is 4.07E+1 A/cm2. But in a
steady-state DC mode, no research has even achieved 4.07 A/cm2 from a
sample/device with an area of 1cm2 (which means total emission current 4 A),
because of the difficulty of applying a lateral uniform field above 1 E+3V/pm along
a planar surface with an area of 1cm2. Therefore, to develop a field emission
source with a flat surface is not practical. One solution is to introduce as many
field emission sites (such as CNTs) as possible into a planar field emission
source. Most experiments using a planar diode structure coated with CNT thin
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film yield a total field emission current of less than 10mA before failure. This
technique enhances total field emission current from a planar source, but raises
several issues. For example, the lateral emissions are not uniform. At some field
emission sites, local current density can be very high, for practical purposes, this
fact can not be ignored. In practical applications, the widely adopted/reported
current density is a macroscopic (or nominal) value. The formula of the nominal
current density (jdevice) is:
_
Jdevice

I total
n
sample

[2 .1 0 .1 ]

Where l totai and Ssampie are total field emission current and sample area.
Since the real emission area occupies a very small fraction of the total sample
area (see equation [2.10.1]), the nominal current density is much less than a
local current density.
j

device

^ J local

[2 .1 0 .2 ]

Engineers would like to develop field emission devices with a j devlce value
as high as possible. So far, however, all the reported device emission current
( J device) values have been very low ( j device « 10 A/cm2). But th e j local can be driven
to very high value, even at a moderate j devlce value. The problem of the extremely
unbalanced values of j device and j local have been discovered experimentally.
For instance, phosphor screen imaging demonstrates that the field
emission from a planar diode structure is neither uniform nor stable. Dean’s
experiments37

show that

irreversible degradation occurs, if field emission
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current is above 0.3 ~ 1jjA per single wall nanotube (SWNT). The saturation and
instability of the thin film CNT samples could be phenomenologically explained
by the extremely high local current density ( j local). Fundamentally, the damage
could be caused by high emission current induced processes via thermal,
electrical or ionic effect. Dean calculated that j local could approach 1E+8 A/cm2
before SWNT failure, which is consistent with field emission experiments20 on
metallic single tips or carbon nanofibers. This level of j local is very high, even for
a solid metallic conductor carrying DC current. Under such an extreme j local
value, a field emission-induced thermal effect could physically degenerate the
apex of the field emission tip. For example, if the apex melts, both local field (F)
and field emission current density j local will decrease. Tips in the thin film coating
would be subsequently burned out one-by-one, according to their field emission
current density. If this speculation is true, it is necessary to balance the local
current density ( j local) of individual emission sites, otherwise, the increased
macroscopic voltage will continuously burn-up the tips, resulting in a low level
nominal current density j device(and total current, I t0tai)-
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SUM M ARY

In this chapter, widely adopted theories in field emission science were
introduced, and their limitations briefly discussed. In addition, several terms such
as tunneling, total energy distribution (TED), normal energy distribution (NED),
work function, beta factor, work function, turn-on-field, current density, and
resonant tunneling, were explained, and their limitations were addressed. This
chapter indicates that the understanding of field emission phenomena and
processes both from a theoretical or experimental point of view is far from
complete.
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CHAPTER III
EXPERIMENTAL METHODS AND SETUP
3.1 AUGER ELECTRON SPECTROSCOPY (AES)
Auger Electron Spectroscopy (AES) is a highly efficient and practical
means for chemical analysis of the solid surface. When a primary high-energy
(E ke ) electron beam impinges a solid surface, a core-level (e.g. E K) electron of a

surface atom is excited and removed from its orbital. This excitation/ionization
process leaves a hole in the core-level (EK).

As a result, another electron at a

higher energy level (e.g. E L) will energetically “drop” into the hole of the core-level
The

(E k).

differential

energy

(\EL-E K\)

is

released

as

an

X-ray

photon

(%v = \e l - E k \). The X-ray photon radiation will excite a third electron, which is

usually at a higher energy level (e.g. E h) than E.K. The third electron is called the
Auger electron, whose characteristic kinetic energy (e.g.

E k ll)

represents the

parent surface atom. Therefore E K < E L < 0 and E KLL = (2 • E L - E K ) - $ > 0. When
an Auger process occurs within a few top-layers of a solid surface, the Auger
electrons may escape from the surface and superimpose Auger peaks on the
secondary electron spectrum induced by the primary electron beam. The energy
(e.g.

E

kll)

and shapes of these Auger features can be utilized to unambiguously

identify the chemical composition of a solid surface. Figure 3.1.1 is a diagram
illustrating the Auger process.
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FIGURE 3.1.1
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Schematic of the Auger process
Because the Auger peaks are superimposed on a large continuously
incremental background in direct Auger spectrum, the peak feature is not
distinguished in the direct representation. The energy distribution spectrum N(E),
is differentiated to enhance the peak features. Thus, the conventional Auger
d N (E )

spectrum’s representation is the function—

Figure 3.1.2 shows a direct

dE

Auger spectrum (N (E)), and a differential Auger spectrum ( dN ( E) ) for
dE

comparison.
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FIGURE 3.1.2

lb>

Cm IM U A u 0 tf O M ki

CKU.

0

200

too

400

800

1000

KM80«flW«r (M>

(a) Direct and (b) differential Auger spectra of copper.
Courtesy of Watts

Earlier generations of AES systems utilized an electronic circuit to
differentiate the N (E) in real time, but our AES system used digital technology
and PC computation. The N (E) were first recorded and restored as digital signals.
Then

a

software

(Augerscan™)

differentiated N (E) to acquire a

Auger peaks in the

d N (E )

made

d N (E )

by

RBD

Enterprise

numerically

spectrum. The peak-to peak intensity of

dE

spectrum is related to the chemical concentration of

dE

surface atoms by atomic sensitivity factors (ASF). The AES quantification
equation is:
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[3.1.1]
where C, is the chemical concentration of an element i, and /, is the
peak-to-peak intensity of an AES peak in the

spectrum, caused by the

element i.
Our AES
Electronics.

experimental

system

was

originally

made

by Physical

The system consists of an ultra-high vacuum system (UHV), a

primary electron gun, and an energy analyzer. The base pressure of the UHV
chamber is ~ lx l( T n Torr. The minimum spot-size of the electron gun is 25 jum.
The energy analyzer, consisting of a double pass cylindrical mirror analyzer (DP
CMA), is the core apparatus of the AES system, and its working mechanism will
be addressed in section 3. 8.
The sensitivity of the AES system is determined by the transition probability
of the Auger process involved, the incident electron beam current/energy, and the
collection efficiency of the energy analyzer. Using a 3 (KV)ISQ(nA) electron beam,
scanning rates of 1 (eV/sec) and a high resolution CMA, the detection limitation is
<1 atomic percentage and is dependent on primary electron beam energy. Auger
peaks of all the elements above helium fall in the 0~2000 eV range.
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3.2 FIELD EMISSION ENERGY SPECTROMETRY
Electrons tunneling from a solid surface maintain a unique kinetic energy
(KE) distribution. Field Emission Energy Spectrometry (FEES) is an advanced
technique used to measure the KE distribution of electrons from an FE source.
The spectrum acquired by FEES is called field emission energy distribution
(FEED).

The cause of FEED has been discussed in chapter 2.3. For instance,

Young’s total energy distribution (TED) theory depicts FEED by a function
P(E)-dE

(see equation [2.3.13]).
A-n-m-d

(

E-% \

P ( E y d E = ----- —-------exp —c + ------

x-

1

exp E - 4
k-T

[2.3.13]
+1

FEES provides a practical way to examine theoretical models of FEED (e.g.
the TED theory), and thus to verify the validity of different FE theories. FEES
experiments2 on metallic single tips successfully supported Young’s TED theory3.
In our research, a customized FEES system was established to measure
FEED within an ultra-high vacuum (UHV) chamber. Like other FEES system, the
core components of our system contain an FE source and an energy analyzer.
The FE source generates the tunneling electrons, and the analyzer discriminates
the kinetic energy of the electrons.

Our FE source was comprised of a

customized sample holder, a mechanical displacement manipulator, and electrical
power circuits. The sample holder can carry a single FE tip assembly. In the
assembly, a Molybdenum (Mo) <110> oriented tip (2-mm-long, 125-//w -diam eter
rod, tip radius r ~ 75 nm (acquired from Applied Physics Technologies) was
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spot-welded on a hairpin heater (see FIG. 3.2.1). The apex of the Mo tip (cathode)
and the base plane of a Ni grid (anode) have a separation of ~200 //m . The
sample holder was designed to orient the tip at a 42° angle with respect to the
energy analyzer axis for maximum sensitivity. The sample holder was attached to
a carousel station, which functioned as a mechanical displacement manipulator
capable of moving the sample holder in X-Y-Z directions with respect to the
energy analyzer. Electric power circuits can flash the hairpin heater, quickly
heating the FE tip to 1400°C. The customized electric circuits can also supply high
DC voltage to the Mo tip for field emission.

FIGURE 3.2.1
Ni grid

if
Hairpin
heater

Mo tip

Glass
base

Schematics of the Mo tip and the Ni grid
The energy analyzer, PHI™ model 115-255 GAR, is a double-pass
cylindrical mirror analyzer (DP CMA), which was also utilized for AES and XPS
experiments. For FEES experiments, various techniques of DP CMA, such as
CRR mode, CAE mode, AES aperture, XPS aperture, analog detection, and pulse
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counting detection were combined and compared for optimized results.
3.2.2 shows the schematics of the

Figure

FEES experiment. A computer with

corresponding software (Augerscan™ from RBD enterprise) recorded spectrum
data of FEES.

FIGURE 3.2.2
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Schematics of the field emission energy spectroscopy experiment
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3.3 THERMAL DESORPTION SPECTROSCOPY (TDS)
In addition to the techniques described above, Thermal Desorption
Spectroscopy (TDS) was also used. TDS is a technique used to measure
activation energy for desorption (AEd). To acquire TDS spectra experimentally, a
temperature program is applied to a sample located in a vacuum system. The
temperature (T) is a linear ramp in time domain. During the temperature ramping,
the partial pressure of adsorbates will be recorded by a mass spectrometer. By
plotting the relationship of pressure vs. temperature, a TDS spectrum is obtained.
Figure 3.3.1 shows the schematics of the experimental setup.
FIGURE 3.3.1

Pressure
Vacuum chamber

Mass Spectrometer

LabVIEW

Sample

Temperature

Power supply
To pump

Thermal desorption spectroscopy (TDS) experimental setup
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The analysis of the spectrum data depends on a theoretical model for a
specific desorption

process.

Fundamentally, the desorption

process

is a

combination of sequential surface reactions. For instance, in this study, we
concentrated on the desorption kinetics of H2 molecules. This process contains
three kinds of surface reactions -

the surface diffusion of H atoms, the

recombination of H atoms, and the surface desorption of H2 molecules, known as
the Langmuir-Hinshelwood (LH) mechanism4. The overall H2 desorption process
can be described in terms of a chemical reaction sequence as:
2 (» L

^ ( H 0 g„

[3.3.1]

The rate of desorption (rrf) can be expressed in the general form5:

3.3.2]
Where kd is the reaction rate constant, 6 is the adsorbate fractional
coverage, and n is the kinetic order of desorption (« = 2 ) for recombination
desorption). The rate constant (k) can be expressed in Arrhenius form,
k ,,= v -exp ------kT

[3.3.3]

Where v is the pre-exponential factor, k is Boltzmann’s constant, AEd is
the activation energy of desorption, t is time, and T is the temperature in Kelvin.
Equation [3.3.2] and [3.3.3] are combined to acquire the Polanyi-Wigner equation
[3.3.4]
W h e re

dt

is the desorption rate. The pre-exponential factor ( v )

represents the total probability of desorption per second. It ( v ) is related to
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adatom’s vibration frequency on surface and is generally assumed to be 1012 to
1014 (1/s), because each stretching movement of an adsorbate-surface bond in
vibrational mode can be considered an attempt to break the bond. Therefore, the
frequency of the stretch times the fraction of outbound movements, that lead to
bonding breaking, yields the total probability of desorption per second in equation
[3.3.4]. That fraction normally depends on the strength of surface binding.
Equation [3.3.1 ]-[3.3.4] form the mathematical model used to explain TDS
experimental data.
Carbon

nanosheets were

deposited

4 x 4 x 0 . 0 7 5 mm3 tantalum (Ta) substrates.

on

clean,

vacuum

annealed,

A thorough description of the

inductively coupled RF PECVD growth system and characterization of this
material have been presented elsewhere6.

Rhenium wires (0.125 mm diameter)

were spot-welded to the Ta substrates for resistive heating from room temperature
up to 1000°C. Figure 3.3.2 shows the sample holder.
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FIGURE 3.3.2
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TDS sample holder and its major components
Individual samples were admitted into the preparation chamber (p~1x10'8
Torr), heated to 150°C for 1hour to remove water, and then admitted into the
surface analysis chamber (p < 1x10"1° Torr) for testing.

The sample was

positioned on a manually controlled carousel station. The sample was rotated and
positioned either in front of the cylindrical mirror analyzer (CMA) for selected
surface analysis or on an axis with the ion source of an SRS™ RGA100™
quadrupole mass spectrometer (QMS) for TDS.

Figure 3.3.3 shows the spatial

positions of the QMS and TDS sample holder.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

71
FIGURE 3.3.3
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Experimental position of the quadrupole mass spectrometer
(QMS) and the thermal desorption spectrometer (TDS) sample
holder
The ion source of the mass spectrometer was encapsulated with an gold
coated quartz envelope fashioned with a 5 mm aperture on the axis to minimize
background effects and enhance spectral resolution7. The RGA100™ QMS was
mounted on a linear motion feed-through that facilitated the ion source approach
to within 1 mm of the sample.

The plane of the CNS/Ta sample and the entrance

aperture were in parallel-plane geometry.
An iris valve with an orifice diameter of 6mm, located within the surface
analysis system, could be adjusted to throttle the pumping speed. The minimum
pump speed for H2 is 88 (liter/s). A custom-made LabVIEW™ program monitored
the partial pressure of various gas species in real time. The program
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synchronized the pressure signals from QMS, and the current/ linear temperature
to the CNS. A second custom-made LabVIEW™ program was used to record and
plot the spectra.
Within the UHV chamber, there is no thermocouple (TC) connected to the
TDS sample holder, therefore a DC power control method without real-time
temperature feedback had to be developed to realize a linear temperature ramp.
To solve this problem, we developed a pow er vs. temperature control program
outside the UHV chamber, from a reference sample holder with TC.

The control

program was acquired by using a proportional integral & derivative (PID) control
algorithm, provided by a commercial LabVIEW™ program. The control program
was saved as a text file, recording DC power values in time domain. These files
can be used at a later time to drive the DC power supply and realize a linear
temperature ramp for any sample in the UHV chamber.
In this study, carbon nanosheets were used as TDS samples, customized
hardware was utilized to acquire spectra, and computational software was
developed

to analyze the data. These TDS experiments enhanced

understanding of the hydrogen in CNS.
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3.4 FIELD EMISSION (I-V) MEASUREMENTS
Field emission (l-V) measurements are used to characterize electrical
properties of a device or material. A field emission l-V test is a conventional way to
probe the FE performance of devices and materials under various voltages.
Testing materials in our research included Mo single tips, as well as nanostructure
materials such as carbon nanotubes (CNTs), carbon nanosheets (CNS), and
carbon nanofibers (CNFs).
To obtain l-V measurements, a diode configuration was constructed using
a testing sample as the cathode, and an electrical-grounded grid for the anode. In
order to enhance the macroscopic field between them, the anode and cathode are
laid parallel, 150 nm apart. (This distance corresponds to the thickness of an Al20 3
spacer). When a high voltage is applied to the cathode (testing sample), some
electrons tunnel out (field emit) from the cathode surface. Part of the FE current
will hit the grid, then be scattered arbitrarily into free space. Another part of the FE
current transmits through the grid to free space in the UHV chamber. Both parts of
the current can be measured through ammeters. Plotting the total FE current
versus the voltage-applied yields the final results of l-V measurement.
Our testing system is comprised of a customized sample holder assembly,
an ultra-high vacuum (UHV) testing chamber with a high-vacuum load-lock
preparation chamber, a high voltage power supply unit, a current measurement
unit, and a customized PC-based LabVIEW™ control system. Table 3.4.1 lists the
components of the whole testing system and a simple description of their function.
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TABLE 3.4.1

Item

Name

Major functions

Sample holder assembly

Holds sample

2

Ultra-high vacuum (UHV) testing
chamber

Provides testing environment

3

High-vacuum load-lock preparation
chamber

Heats samples

4

Spellman™ high voltage power
supply unit

Supplies high voltage source

Keithley™ Pico-ammeters

Measures FE current

LabVIEW™ control system

Synchronizes l-V tests

1

5

6

l-V testing system components
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FIGURE 3.4.1
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Schematics of the field emission l-V test system
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FIGURE 3.4.2
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Press screw

Schematics of the field emission sample holder assembly.
The inset is a photograph of the sample holder
Figure 3.4.1 shows a schematic layout of the testing system. Figure 3.4.2
shows the sample holder assembly. The ultra-high vacuum (UHV) chamber with
base pressure 1*1 O'11 Torr provides a clean environment for l-V testing. The
high-vacuum load-lock preparation chamber is equipped with a hot-filament
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feed-through that can heat up samples before being loaded into the UHV main
chamber. The high voltage Spellman™ power supply unit driven by a customized
LabVIEW™ program can ramp cathode voltage from 0 to 2000V. The FE current
measurement unit is equipped with two Keithley™ Pico-ammeters. One of them
tests the FE current that hits the grid. After transmitting through the grid, the
electron beam traveling in electrostatic free space will eventually hit the outsider
cylinder (OC) of the DP CMA (see Figure 3.4.1). The other pico-ammeter
measures the current reaching the OC.
In our experiment, the Spellman™ power supply was driven with 0-10VDC
control voltage through a LabVIEW DAQ™ card. Two Keithley™ Pico-ammeters
communicated with the PC with a GBIP (IEEE488) card. A customized LabVIEW
software program, known as Vis (visual instruments), synchronized the output
voltage and measured the FE current. l-V values were recorded and plotted on
demand. FE l-V tests provided a quick and efficient way to study field emission
properties of various materials.
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3.5 FIELD EMISSION INDUCED DESORPTION SPECTROMETRY
Using an FE induced desorption process allows scientists to study the
desorption dynamics caused by an FE process in-situ and in real time. This
technique simultaneously records the partial pressure of desorbed adsorbates,
the cathode voltage, and the FE current. We established a customized
experiment system to acquire the FE induced desorption spectrum, and to
understand the interactive relationship between adsorbates and an FE process.
Table 3.5.1 lists the names and major functions of each unit. Note that the FE
current measurement unit uses only one Keithley™ pico-ammeter, because only
the grid current is tested.
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TABLE 3.5.1

Item

Name

Major functions

Sample holder assembly

Holds sample

2

Ultra-high vacuum (UHV) testing
chamber

Provides testing
environment

3

High-vacuum load-lock preparation
chamber

Heats samples

High voltage power supply unit

Supplies high voltage (V)

1

4

5

7

8

One Keithley™ pico-ammeter

Measures FE current (I)

SRS™ RGA100™ Quadruple
mass spectrometer (QMS) unit

Measures partial pressure
(P)

LabVIEW™ control system

Synchronizes l-V-P

Field emission induced
system components.

desorption

experimental
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FIGURE 3.5.1
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Schematics of the field emission induced desorption
experimental system
Figure

3.5.1

shows

the

schematics

of the

experimental

system.

Experiments using the FE induced desorption experimental system begin by
loading a sample holder into the UHV chamber, and then maneuvering the
sample holder in X-Y-Z directions using a sample stage manipulator (carousel)
until the sample is within ~10 mm of the QMS. Once high voltage is applied to the
cathode, the QMS unit can measure the partial pressure of the desorbed
adsorbates in real time. A customized LabVIEW™ control system integrates the
high voltage power supply, the pico-ammeters, and the QMS together. The
RGA100™ QMS communicates with a PC through an RS232 serial port. The
Spellman™ power supply and the Keithley™ pico-ammeters are linked to a
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second PC, with a DAQ™ card and a GBIP™ card respectively. Data collected
from the output voltage (V), measured FE current (I), and the adsorbates’ partial
pressure (P) is synchronized on two PCs by customized LabVIEW™ software
programs (Vis™), then the l-V-P values are recorded and plotted in time domain.
The diagram of l-V-P vs. time is the final representation of the FE induced
desorption spectrometry.
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3.6 SCANNING ELECTRON MICROSCOPY
A scanning electron microscope (SEM) is a microscope that uses a
focused electron beam, rather than visible light, to image a specimen and acquire
information about the specimen’s structural and/or chemical composition. Figure
3.6.1 shows the schematics and major parts of an SEM.
In an SEM, a beam of electrons is generated by an electron source and
accelerated toward the specimen by a high electrical potential (0.5-40KV). The
electron

beam

is then

confined

and focused

(by

metal

apertures

and

electromagnetic-optic lenses) into a high brightness beam. The beam is further
focused onto the sample by magnetic (objective) lenses. Next, a scanning coil in
the objective lens deflects the beam onto a rectangular raster, creating
primary-beam-induced secondary electrons (SEs) that are very sensitive to
surface geometrical features. A detector collects these SEs, and their intensity is
synchronized with the beam’s scanning position. The intensity information
combined with the position information are processed and then presented as a
micrograph on a PC screen. The micrograph’s magnification is the ratio of the
screen size to the raster size. Maximum SEM resolution relies on the electron
beam spot-size. The combination of high magnification, a large depth of focus,
high resolution, and the ease of sample observation make the SEM one of the
most used imaging instruments in materials’ research.
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FIGURE 3.6.1
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Our experiments utilized a Hitachi S-4700 Field Emission Scanning
Electron Microscope. It is equipped with a field emission single crystal tungsten
electron gun acting as its electron source. The SEM can operate with a
magnification up to 500,000x, and was used in this study to adequately explore
the morphology of different materials in nano-scale.
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3.7 RAMAN SPECTROSCOPY
Raman spectroscopy is a technique used to explore the crystal structure
of novel carbon nanostructures. Its mechanism is based on the Raman effect.
When incident photons are scattered from a solid surface, most photons are
elastically scattered (Rayleigh scattering effect). The scattered photons have the
same energy (frequency) and, therefore, wavelength, as the incident photons.
However, a small fraction of light (approximately 1 in 107 photons) is scattered at
optical frequencies different from (usually lower than) the frequency of the incident
photons. The process of this inelastic scattering is known as the Raman Effect.
Raman scattering can occur with a change in the vibrational, rotational or
electronic energy of a molecule. However, in this study, the term Raman Effect
refers to vibrational Raman scattering only.
The most commonly observed

phenomenon in Raman spectroscopy,

especially for carbon materials, is the Stokes scattering effect. Figure 3.7.1
depicts Raman Stokes scattering.
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FIGURE 3.7.1
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(a) Energy diagram of vibrational and rotational energy
levels associated with two electronic states (b) schematics
of Rayleigh and Raman scattering. After Alonso and Finn8

The difference in energy between the incident photon and the Raman
scattered photon is equal to the energy of a vibration mode of the scattering
materials. Plotting the intensity of scattered photons versus the energy variation of
the incident beam produces a Raman spectrum. Conventionally, the energy
difference between the initial and the final vibrational levels, or the Raman shift in
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wave numbers (cm’1), is calculated through equation 3.7.1
1

1

incident

1-----

V=J

scattered

[Z1A]

where X is a wavelength. The energy difference of a vibrational mode
relies on the materials’ bonding configuration. Therefore, Raman spectroscopy is
an indispensable technique for disclosing chemical bonding information, and
probing a material’s crystal structure. A commercialized instrument, Renishaw™
inVia™ was utilized in our experiment to acquire Raman spectra. Its laser
excitation is 514 nm. This Raman spectrometer provided a quick and efficient way
to evaluate the structural information of different substances, particularly carbon
materials.
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3.8. DOUBLE PASS CYLINDRICAL MIRROR ANALYZER (DP CMA)
All AES, XPS, and FEES experiments rely on the efficient use of an
electron energy analyzer (DP CMA). The function of the DP CMA is to measure
the kinetic energy (KE) of free electrons. By applying voltage to the electro-optic
part of the DP CMA, electronic circuits control (or “filter”) the electrons of various
KE passing through the analyzer. This “filtering” mechanism is based on the
deflection of passing electrons. At the end of the second-pass of the DP CMA,
electronic circuits can amplify, register and record the electrons’ current. These
current signals are then digitized and synchronized with the control signals, and
FEES spectrums are acquired.

The DP CMA’s operation can be modified to

accommodate specific requirements. Table 3.8.1 lists common applications that
utilize DP CMA.
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TABLE 3.8.1

Name

Brief description

1

CRR mode (AES mode)

Constant retarding ratio

2

CAE mode (XPS mode)

Constant analyzer energy

3

AES aperture

Aperture with reduced size

4

XPS aperture

Aperture with max size

5

Analog detection

Detecting Spiraltron’s current output

6

Pulse counting detection

Counting Spiraltron’s pulse output

Application techniques of DP CMA

ENERGY DISCRIMINATION PRINCIPLE
Fundamentally, a DP CMA is an electro-optic apparatus with auxiliary
electronic circuits. For energy analysis, the major electro-optic parts have one
hemispherical retarding grid, two (pass) cylindrical mirror analyzers, and two
apertures of optional size. Figure 3.8.1 shows the schematics of a DP CMA.
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FIGURE 3.8.1
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Double pass cylindrical mirror analyzer (DP CMA) with a
retarding grid.

The deflection of passing electrons relies on manipulating electrostatic
fields, which are established during the operation of DP CMA. There are three
focal points equally distributed on the DP CMA axis. At the first focal point,
electrons with kinetic energy (Ek) are emitted. These electrons move into an
electric-field-free space in the

UHV system, then

pass through

both

a

hemispherical retarding grid (which will optionally retard or not retard the electrons)
and a mesh-covered slit. Both grids are attached to an inner cylinder (IC).

After

entering the space between the IC and an outer cylinder (OC), an electrostatic
field deflects the electrons back to a second mesh-covered slit at the IC. After
passing through this second slit, the electrons return to the electric-field-free
space and converge at the second focal point, an aperture at the center of a
ceramic plate.
The second pass of the CMA begins at the second focal point and ends at
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the third one. The trajectory of electrons in the second pass is the same as that in
the first pass. Similarly, electrons are deflected and eventually converged into the
third focus point (another aperture at the center of a second ceramic plate). Sar-EI
[ref] expresses the electro-optic behavior of a generic CMA by the following
equation:
g = —
v
P In fc /ii)

[3.8.1]

where Ep (pass energy) is the KE of electrons which are allowed to pass
the third focal point, V is the applied differential voltage between the OC and IC,
Ko is the instrument constant, e is the electron charge, and n and ^ are the radii of
the IC and OC respectively. For our DP CMA, an instrument constant is provided,
therefore the relationship between the voltage applied, and the KE of the
electrons to pass through the analyzer is:
Ek = E p = X.l -e-V

[3.8.2]

APERTURE SELECTION
To achieve maximum operation flexibility, an external control (see figure
3.8.1) is provided for switching the size of internal apertures (AES or XPS
apertures). The diameter of the apertures does not influence the analyzer
transmission, but it does critically affect the energy resolution and luminosity (the
product of transmission and imaged specimen area) of the DP CMA. For AES
experiments, where only a small region (a point-source) is emitting electrons,
luminosity is not critical, and improved resolution is achieved using the smaller
aperture (1mm diameter). However, for XPS experiments, where a sample
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surface is flooded with radiation and becomes a plane-source (with low emitting
current density), the larger aperture (4mm) is required for increased luminosity.
RETARDING AND RESOLUTION
DP CMA can work under two different operation modes, the constant retard
ratio (CRR) mode, and the constant analyzer energy (CAE) mode. The CRR
mode (FIG. 3.8.2) is a non-retarding mode in which the retarding hemispheric grid
is not used, the IC is ground, and the OC supplies a ramping negative high
voltage (Vg). This mode is suitable for AES experiments and has a constant
AE
relative error o f— E

(energy resolution). The energy resolution of our DP CMA is

p

about 0.6% for small (AES) apertures and about 1.6% for large (XPS) apertures.
The electron current passing through the final exit aperture of the DP CMA is
<10'10A. This current enters a Spiraltron™ and is amplified to a level which can be
registered electronically. Since the current signal levels are generally high at the
CRR mode after amplification, the preferred detection system is in analog mode
of a spiraltron. The working mechanism of a spiraltron and detection circuit will be
introduced later.
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FIGURE 3.8.2
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When the energy resolution of the CRR mode is not sufficient, the CAE
mode is adopted for improved resolution. This mode is suitable for XPS
experiments. In the CAE mode, (Figure. 3.8.3) negative voltage is applied to the
retarding grid. Because the signal levels are generally very low at the CAE mode,
the preferred detection system is pulse counting rather than analog. In the
retarding mode, the energy of the electrons trying to enter the DP CMA is first
reduced (by the retarding grid) to a low constant pass-energy, and then measured
AE

by the DP CMA. Because both the energy resolution ( — ) and the pass energy
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are fixed, the absolute energy resolution (AE) is greatly enhanced for all the
passing electrons. For example, the absolute energy resolution for 2K eV
electrons without the retarding grids (in the CRR mode) is about 12 eV with the
AES aperture. However, if the retarding grid is used to reduce all the electrons’ KE
to 100 eV, the energy resolution (in CAE mode) is improved to 60 meV. However,
this improvement is accompanied with a substantial loss in transmission (signal
intensity). This loss occurs because of the reduced image area [ref] on the sample
(due to grid refraction) and the scattering effect from the retarding grid.
FIGURE 3.8.3
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SIGNAL ACQUISITION
After passing through a DP CMA, the electrons’ current signal is very low
(<10'10A) for both CAE and CRR mode, and must be amplified by a spiraltron in
order to be detected. Compared to CRR mode, current signal in CAE mode is
lower because the retarding grid decreases electrons current. A spiraltron, also
called a channeltron, is an electron multiplier used in a vacuum environment.
The amplification principle is based on a high secondary emission gain. The
amplification of the incoming primary electrons to the outgoing secondary
electrons is 105~106 depending on multiplier and conditioning. When primary
electrons hit the channel multiplier somewhere near the conical entrance,
secondary electrons are generated.

Because of the voltage drop, these

secondary electrons collide with the inner wall of the spiraltron many times,
generating new secondary electrons. When the avalanching electrons finally
leave the spiraltron, they are detected. To preserve the lifetime of spiraltrons, it is
important to keep the saturation current <0.1 /j,A .
A spiraltron can be used in either an analog mode (usually for AES) or a
pulse counting mode (usually for XPS). Under an analog mode, the spiraltron
works as a current amplifier, and the output current signal (<0.1 /uA) is first
converted to voltage signals and then transformed to transistor-to transistor logic
(TTL) frequency signals by a V/F pre-amplifier. In contrast, under a pulse counting
mode, the spiraltron works as a pulse amplifier, whose output terminal is
capacitively coupled to another solid-state amplifier, counter or discriminator,
which selectively registers the number of electric pulses. The pulse number
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represents the intensity of the electrons’ current hitting the cone of the spiraltron.
The pulse counting mode is more sensitive than the analog detection mode at
very low signal levels.

Figure 3.8.4 shows the schematics of both modes, as well

as the avalanching effect of an electron multiplier. The V/F pre-amplifier and the
pulse counting circuits are connected to a computer and driven by software.
FIGURE 3.8.4
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Schematics of the electron multiplier (Channeltron). (a)
channeltron’s amplification mechanism (b) pulse counting
mode (c) analog detection mode. After Sedlacek9
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CHAPTER IV
EXPERIMENTAL RESULTS AND DISCUSSION
GENERAL INTRODUCTION
This chapter (4) will describe experimental research on nanostructures’
field emission properties, especially on carbon nansheets. The first experiment
involved commercial Mo <110> single tip (r ~75nm) as a field emission source to
calibrate the customized surface analysis system (see section 4.1). In the single
tip experiment, the Mo tip was cleaned by a heating to 1400°C, Ca atoms (a bulk
impurity) segregated to the surface and formed a pyramidal nanostructure on the
Mo tip surface. Field emission results from the Mo microtip and Ca nanotip
calibrated the experimental facilities for field emission testing. Specifically, the
techniques of field emission energy spectroscopy (FEES), field emission l-V
testing, Auger electron spectroscopy (AES) and thermal desorption spectroscopy
(TDS) were made operational.
Next, we utilized the surface analysis system for field emission l-V testing
on carbon nanosheets (CNS), which were recently developed, in our lab as a
novel carbon nanostructure (see section 4.2) for high emission current. To
explain field emission phenomena which could be induced by adsorbates, mass
spectroscopy was synchronized with field emission l-V testing (see section 4.3),
which revealed molecular hydrogen gas was the only significant gas released
during field emission. Experimental results of section 4.2 and 4.3 suggested field
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emission

performance

of

nanosheets

are

impacted

by

H

adsorbates.

Conditioning process (in DC or ramp mode) can improve nanosheets’ emission
performance. The conditioning mechanism might be explained by field-emissioninduced desorption of the loosely bounded edge-H adsorbates. The desorption
mechanism could be attributed to a thermal effect or electronic transition effect,
which can break the C-H bonds at nanosheet edges.
To

study

the

hydrogen

in

the

nanosheets,

thermal

desorption

spectroscopy (TDS) was used to quantify the amount incorporated and to sort
the bonding sites (see section 4.4). Based on the experimental results of section
4.2-4.4, the nanosheets’ field emission properties were discussed according to H
adsorbates, work function, geometrical field enhancement factor and high current
density (see section 4.5). Finally, section 4.6 describes a process to coat low
work function ZrC on nanosheets for field emission enhancement, because
according to Fowler-Nordheim theory, a reduction of 25% in work function
translates to a field emission current density increase of over two orders of
magnitude.
In summary, this chapter’s experimental work is an attempt to understand
carbon nanosheets field emission performance by examining and testing critical
controlling effects.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

100
4.1 FIELD EMISSION STUDY ON M0 <110> TIPS*
INTRODUCTION
This section addresses field emission experiments utilizing molybdenum
(Mo) tips as an field emission source. Research on metallic tips, such as a Mo
single tip, is a well-established field. The motivation of this study was to calibrate a
customized experimental system for further exploration on novel nanostructure
materials, and to exploit surface’s impact on field emission via FEES. Mo<110>
tips are especially suitable for this purpose since they have been previously
studied. The field emission energy distribution of a Mo<110> single tip deviated
from the F-N model. Furthermore, Auger electron spectroscopy (AES) revealed
Ca and O elements on the surface of the tips. Based on FEED and AES
observations, the plausible cause of a narrow FEED observed in this work is
assigned to local density states introduced by Ca nanoprotrusion with some
oxygen impurities. This study suggests that field emission properties are greatly
impacted by the local surface states of the field emission materials. This
understanding is used to evaluate and develop novel field emission emitters in
section 4.2-4.6.
PREVIOUS STUDIES ON NANOTIPS
Research on the field emission properties of nanotips, unlike metallic
microtips, is relatively new. The field emission energy distribution (FEED) from
nanotips was experimentally demonstrated by Binh et a f ’2 on W<111> tips in
1992.

Employing a method of high temperature and high field strength on a

conventionally etched microtip, pyramidal shaped nanotips (nanoprotrusions) with
‘ Research result in this section is published in a peer-reviewed journal.
Xin Zhao et al. Applied Physics Letters vol. 85 No.8. p1415. (2004)
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a single atom termination were formed. The resulting FEED spectra contained two
distinct peaks, one representing the microtip distribution with the leading edge
midpoint at the Fermi level (Ef), and the other arising from the nanotip about 2 eV
below Ef. The existence of nanotips, along with their associated spectra, were
further demonstrated by Yu et a lz on WC, ZrC and HfC, and by Nagaoka4 on
W<111>.
In general, the FEED of conventional microtips has a limiting full width at
half maximum (FWHM) of 250-300 meV, and their voltage-current behavior can
be characterized by the Fowler-Nordheim (F-N) equation5. However, the FEED
spectra of nanotips could be even narrower. Purcell et a/6 report a field emission
energy distribution with a FWHM of 64 meV at 80K (~ 100 meV at 293K) for a Pt
microtip, and suggest that this behavior is primarily due to the width of the
tunneling barrier and the localized band structure. Using tight bonding methods,
Gautier et al7 determined that the local density of states (LDOS) at the apex of the
tungsten (W) atomic pyramid is different from and independent of that in the W
metal microtip after four or more layers have formed on the apex of the microtip.
However, there has been no unambiguous identification of the chemical
identity of any nanotips studied to date.

The high fields and high temperature

used in the experiment by Binh1,2 with W (111) may indicate that nanotips were
formed from the metal atoms of the microtip, although Nagaoka4 suggests
adsorbates may play a significant roll in the nanotip formation. Yu et a/3 reported
formation of nanotips after acetylene processing, which suggests carbon and
hydrogen atoms incorporated in the nanotips. In this research, we report room
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temperature Ca nanotip formation on Mo <110> oriented microtips after several
l-V cycles.

The FEED of the Ca nanotip was found to be very narrow (FWHM =

68 meV, at 295K) and was comprised of a doublet fine structure.
The Mo <110> oriented tips used in our experiments were acquired from
Applied Physics Technologies* Figure 4.1.1 shows a Mo tip spot-welded on a
V-shaped wire heater. A Mo tip with a minimum radius ~75 nm at its apex. The tip
was built up on a Mo rod 2mm long (see figure 4.1.2) with a diameter 125 pm. The
parabolic profile of the tip was shaped using an electrochemical etching process.
A SEM picture (see figure 4.1.3) of the tip reveals the asymmetrical configuration
of the apex, which suggests field emission will be influenced by local surface
states, e.g. the local work function and local field enhancement factors of
protrusions and defects.

* The company, Applied Physics Technologies, has website at http://www.a-p-tech.com/
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FIGURE 4.1.1

Mo110 APEX1

Mo <110> single tip spot-welded on a hairpin wire heater.
By applying current through the V shaped wire, the tip is
cleaned by resistive heating
FIGURE 4.1.2

Mo110_APEX1

A Mo <110> single tip was made from a Mo <110> rod
~120um in diameter. Electrochemical etching shaped the
parabolic profile of the tip
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FIGURE 4.1.3
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SEM image of the apex of a Mo <110> single tip at
magnification of 200K; the radius is ~75nm. Note the
geometrical asymmetry of the apex, which suggests that
field emission is affected by local surface states (e.g., work
function, beta factor and density of states)
To examine surface compositional changes as a function of temperature,
AES experiments were conducted with a cylindrical bundle of 15 Mo rods
(providing sufficient area to intercept 25 urn electron beam), which were made by
the same materials of Mo single tips. The bundle was heated to 1000°C in-situ by
Joule heating, and its surface monitored by AES. The AES peak-to-peak ratios vs
heating temperatures are shown in figure 4.1.4. The single tips used in the
experiments were also analyzed by AES after heating to ~1400°C for 1 second
in-situ. The electron beam was too large to examine the tip but it was assumed
that the etched conical region below the tip was representative. After carbon
disappeared from the AES spectra at T ~ 400°C, Ca (an interstitial impurity in the
Mo

rods) segregated to the surface

and

reached

a maximum

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

surface

105
concentration at 500°C, then rapidly declined to the minimum concentration at
T~1400°C, presumably by a thermal desorption process (calcium vapor pressure
is ~10'3 Torr at 500°C). AES spectra revealed oxygen on the surface of the tips,
which increased or decreased in relation to the Ca element. Previous studies by
Colaianni et a/6 have shown that oxygen can normally be removed from Mo in
UHV by heating to ~900°C, initially by CO desorption and then by incorporation.
However, in this case, the presence of surface Ca and the very high bonding
energy of CaO, 402 KJ/mol (or ~4 eV), would inhibit incorporation into the bulk.
No other surface species were detected.

FIGURE 4.1.4
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AES experiments were conducted with a cylindrical bundle
of 15 Mo rods to examine surface compositional changes
as a function of temperature. The single tip used in the
experiments was also analyzed by AES after heating to
~1400°C for 1 second.
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FIELD EMISSION l-V TESTING AND NANOTIP FORMATION
Figure 4.1.5 illustrates the l-V plot of a Mo microtip emission current when
the voltage is ramped from 0 ~ -2500V. Before l-V testing, ohmic heating cleans
the tip by applying an electric current through the heater.

FIGURE 4.1.5
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Field emission l-V ramps of a Mo single tip. Voltage is
ramped from 0 ~ -2500V. Nanotip was built up
spontaneously because of the first ramp.

Initially, the emission current was very small (less than 0.1 nA), but after
five l-V cycles, a spontaneous rise in the current was observed when the emission
current changed abruptly from a few n A to 1.4 pA. This rapid and sudden nanotip
formation on tungsten, molybdenum or platinum microtips has been previously
observed and recorded1,3,4. Currently, there are no research results or scientific
explanations for this phenomenon.
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After the buildup ramp, the subsequent ten l-V ramps (labeled as
“immediately after buildup” in figure 4.1.5) were found to be reproducible. The
standard deviation of the data is less than 1%. The interim between l-V cycles
was ~1min. More l-V tests were run five days after the tips were first placed in the
UHV chamber. The resulting ten l-V ramps (labeled as “5 days later” in figure
4.1.5) were also found to be reproducible.
Figure 4.1.6 shows the full kinetic energy spectrum (FEED spectrum) of
electrons emitted from a Mo<110> tip. To discriminate the energy distribution, a
double pass cylindrical mirror analyzer energy analyzer (DP CMA) was operating
in the constant analyzer energy (CAE) mode (called XPS mode). The cathode
voltage for field emission was set at 1551 V. The Ni extraction grid (anode) was
grounded.

The energy peak at 200 eV is derived from secondary electrons

generated when the primary electrons strike the nickel grids of the diode
assembly and the energy analyzer. The background of the spectra, from 200 eV
to near 1550 eV, arises from inelastically scattered primary electrons. Full kinetic
energy spectra using the constant retarding ratio (CRR) mode (called AES mode)
demonstrated that the primary field emission peak at 1550 eV had an intensity
factor 520 times greater than that of the secondary electron peak at 200 eV.
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FIGURE 4.1.6
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Figure 4.1.7 shows the FEED of the nanotip. After correcting the DP CMA
broadening effect, the FWHM of the peak is 68 m eV. The correction method for
the CMA broadening effect is explained by Young9.
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FIGURE 4.1.7
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As shown in figure 4.1.5, the buildup of the nanotip was almost
instantaneous. Since it was formed at 295K and a voltage of 2500 V (E ~ 12V/pm),
it is unlikely to be formed from Mo atoms because the formation of Mo oxides
requires a higher energy level. It is more probable that the nanotip observed in
this work was formed from the surface CaOx complex on the tip surface. Figure
4.1.8 is a schematic illustration showing a CaOx nanoprotrusion sitting near the
apex of a Mo tip. The inset acquired with the smallest AES aperture of DP CMA in
figure 4.1.7 shows a slight, but very repeatable split in the FEED. This split could
not be resolved further as it is beyond the resolution of the DP CMA. It may
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represent the disordered CaOx pyramid or oxygen impurities within the nanotip
structure (see figure 4.1.8). Upon exposing the tip to less than 0.3 L of oxygen, the
nanotip FEED immediately broadened to a FWHM > 1eV, characteristic of the
microtip.

The high reactivity of the Ca and Mo to oxygen is likely to have

immediately altered the nanotip structure.

FIGURE 4.1.8
ranoprotnjaon

nanotip

Schematic of a Mo microtip with a CaxOy nanoprotrusion
sitting on the apex
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CONCLUSION
In summary, we have shown the field emission (FEED) spectra from Mo
<110> microtips can actually result from instantaneous formation of a nanotip on a
Mo<110> microtip during l-V ramping.

Auger electron spectrum as a function of

temperature has shown that residual surface Ca segregated from the bulk during
thermal cleaning. This Ca is most likely the source of mobile atoms that formed
the nanotip. Residual Ca detected after cleaning the tip at 1400°C suggests that
the composition of the nanotip was, indeed, calcium.

W e have observed the field

emission of the nanotip with an energy distribution of 68 m eV FWHM from the
nanotip. The emission spectrum was taken with the emitting surface at 295K
using a DP CMA in ultra high vacuum.

This narrow energy distribution is

attributed to the nanotip formed on the -7 5 nm radius Mo tip in situ by field
induced surface diffusion. The emission spectra show a discernible doublet that is
attributed to a variation in the localized density of states of the nanotip.
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4.2 FIELD EMISSION l-V TESTS OF CARBON NANOSHEETS
The previous section studied the impact of surface nanostructure on field
emission. This section is dedicated to report field emission l-V testing results on
carbon nanosheets. The next section (4.3) will be focused on the process and the
results

of

DC

conditioning.

The

interesting

field

emission

experimental

phenomena in section 4.2 and 4.3 will be analyzed in section 4.5.
The current vs voltage (l-V) test is a simple and straightforward method of
evaluating the field emission properties of novel materials or devices. Details of
this technique were discussed in Chapter 2. By testing the carbon nanosheets,
several significant field emission phenomena were found. For instance, in their
initial states, the field emission of nanosheets is chaotic and noisy. Once an
emission source is built up, field emission can be stabilized by ramping the
cathode voltage, a process termed “ramping conditioning”. The process of ramp
conditioning is distinct from DC conditioning described in section 4.3, but both
processes could efficiently improved nanosheets field emission performance.
However, if the field emission sources in a nanosheet sample are over-driven
during conditioning, a catastrophic failure will occur. Recovery of nanosheet field
emission usually occurs with a degenerated performance. The discovery and
understanding of these phenomena have led to improved applications of carbon
nanosheets in field emission devices.
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4.2.1 INITIAL STATES AND BUILDUP
After loading a field emission l-V diode assembly (see figure 3.4.2) into the
test chamber (see figure 3.4.1), the l-V plots were continuously recorded.

A

customized LabVIEW™ program (called subVI) controlled the cathode voltage in
an incremental manner. The program of the cathode voltage is illustrated in figure
4.2.1.
FIGURE 4.2.1

2500

2000

E

2L

0)
Co

£
*D
O

1500

CD

co

1000

o

500

0

100

200

300

400

0

time (second)

Cathode voltage was controlled by a LabVIEW™ program.
The cathode voltage gradually increased linearly to a peak
value at 2500V. The elapse time at each voltage point was
5 seconds. The interim between voltage ramps is ~25 sec.
The cathode-anode AI2 O3 spacer* thickness is 125 //m .
Therefore, the corresponding macroscopic cathode-anode
V
field, E = , is presented on the right axis.
125 (jum)

As indicated in figure 4.2.1, the cathode voltage gradually increased to a
sequence of peak voltages. The initial peak voltage was relatively low, e.g. 500V,
to prevent over-driving the cathodes. Peak voltages were linearly increased to a

*The spacer and the field emission l-V testing sample holder were described in section 3.4.
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maximum of 2500 V. As a result, two significant phenomena were observed: the
abrupt buildup of a field emission current at ~6.6 V/pm (Figure 4.2.2), and a
highly disjointed (noisy) field emission current (Figure 4.2.3).

FIGURE 4.2.2
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— o — immediately following buildup
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These l-V ramps show the instantaneous buildup of a field
emission source at ~6.6 V/pm (corresponding to 2025V),
and the field emission l-V curve immediately following this
buildup. Sample: carbon nanosheets (41001B, slice 4).
After several preliminary voltage ramps at relatively low peal voltages, no
field emission current was initially detected. However, after increasing the peak
voltage to 2025V (corresponding to -6 .6 V/pm), there was a sudden rise in
emission current. This event is called “buildup”. A similar phenomenon has been
reported in the studies of nanotips1. This process could be explained by the field
induced desorption of adsorbates.
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FIGURE 4.2.3
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Initial l-V tests of the carbon samples indicated a very
noisy and unstable field emission. Ramps 1-3 illustrate
testing results in sequence. Compared to ramp 1, the field
emission of ramp 3 has less noise. Sample: carbon
nanosheet (40921 A, #1).
Figure 4.2.3 represents the noisy feature of the field emission current. The
l-V plots were recorded during earlier ramp periods, and the ramp number
represents the ramping sequence. The interim time between ramps is ~30 s. For
each individual ramp, at each fixed voltage, the corresponding field emission
current was sampled 25 times. The maximum standard deviation of a measured
emission current is equivalent to a relative error of 51 %, which is much larger
than the deviation caused by the instrumental error. Figure 4.2.3 indicates that,
for the pristine nanosheet samples, the l-V test repeatability was very poor.
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4.2.2 RAMP CONDITIONING AND STEADY STATE
Although field emission tests of pristine carbon nanosheets usually start
with a noisy current, previous experiments have also demonstrated that this
noise can be reduced when the nanosheets are conditioned. We found the
simplest method to reduce current noise is to repeatedly ramp the cathode
voltage or sustain the cathode voltage for a period of time. The processes are
called

ramp

conditioning

and

DC

conditioning

respectively.

For

ramp

conditioning, the voltage ramp in each ramp period should stop at a moderate
emission current level, e.g., 1 / / A . The DC conditioning, which will be carefully
described in the next section (4.3), the field emission current was sustained at a
level, e.g.~1 j u A , by manually regulating the cathode voltage. This process will
run at least 30 min before the cathode voltage was stopped.
After the ramp conditioning process, the field emission signal-to-noise
ratio and repeatability improved. Figure 4.2.4 shows three selected l-V plots in a
ramp conditioning process. These three l-V plots (ramps 3, 7 and 11) were
chosen for the best representation, and other ramps are not shown to avoid
cluttering the figure. The l-V plot of ramp 3 indicates the initial field emission was
noisy and irregular. Ramp 7 indicates a much higher signal-to-noise ratio than
that of ramp 11. The last l-V plot, ramp11, shows the best field emission
performance with the least amount of noise.
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FIGURE 4.2.4
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Field emission performance was continuously
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slice 1).

A steady state occurs when field emission properties are in a stable and
highly repeatable status. This steady state is required for any practical application.
Figure 4.2.5 shows the l-V tests in a steady state after DC conditioning. Five
consecutive l-V ramps (ramp 1-5) have been recorded. Compared to the test
data in figure 4.2.3, the noise of each point is greatly reduced, and the l-V curves
are very repeatable.
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FIGURE 4.2.5
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In the steady state, field emission is stable and repeatable.
Noise is greatly reduced. Sample: carbon nanosheets
after DC conditioning (41001B, slice 9)
4.2.3 STEADY STATE FAILURE AND RECOVERY
The field emission steady state can be sustained only if the maximum
emission current does not surpass a certain range. In our study, the maximum
emission current in the steady state is set at 1 ju A , because of the conditioning
process. Consequently, driving the field emission current above 1 /j,A will
jeopardize the stability of the field emission sources in carbon nanosheets.
Catastrophic failures were frequently observed for these reasons. Figure 4.2.6
shows the l-V plots before and after a failure event.
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FIGURE 4.2.6
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Field emission l-V ramps show that nanosheets
experienced a catastrophic failure event, and then quickly
recovered. Sample: carbon nanosheets (41001B, slice 10)
The failure event came quickly with no prior indication. After the
instantaneous failure, the emission current suddenly dropped to zero amperes
(not shown in this figure). The l-V curve immediately following the failure shifted
to the right and a higher cathode voltage (applied field) was required to get a field
emission current equivalent to the current before degradation. Using turn-on
voltage as criteria, the right-shifting of l-V curves suggests a degradation of the
nanosheets’ field emission performance.
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SUMMARY
This section reviews the significant phenomena observed in field emission
tests of carbon nanosheets. These phenomena directly influence the potential for
carbon nanosheets to be used as a field emission source. For instance, to
stabilize the field emission performance of carbon nanosheets, a carefully
designed conditioning program, either in DC or ramp mode, is required. These
experimental results deviated from the expectations of the F-N theory, as
discussed in Chapter 2. For example, the F-N theory cannot explain the buildup
or failure events described in this section. However, we hypothesize that these
events are caused by the impact of hydrogen adsorbates, and in the next section,
we will describe a customized experiment exploring the interaction between H
adsorbates and field emission performance.
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4.3 HYDROGEN DESORPTION INDUCED BY FIELD EMISSION*
The previous section (4.2) introduced the ramp conditioning process used
to improve field emission performance of carbon nanosheets. We hypothesized
that this improvement could be related to the hydrogen adsorbates in the
nanosheets. To verify our speculation, in this section, we studied the interaction
between field emission and H2 desorption during a DC conditioning process. In
the study, we also hypothesized even though ramping and DC conditionings have
distinct procedure, but their physical mechanisms are same. This research
indicates that there is a strong relationship between hydrogen removal and field
emission enhancement.
4.3.1 EXPERIMENTAL SETUP AND RESULTS
Chapter

3.5

introduced

an

field-emission-induced

desorption.

The

experimental
system

system

combined

a

to

study

commercial

quadrupole mass spectrometer with field emission l-V testing instruments to
simultaneously test l-V plots while observing the desorption gases caused by field
emission. Experimental results in section 4.2 suggested a possible relationship
between field emission properties and H adsorbates in nanosheets. To verify the
impact of H adsorbates on field emission properties of carbon nanosheets, a
sequence of experiments was implemented.

‘ Research result in this section was presented in the IVNC annual meeting (2005).
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Briefly, the sequence of the experimental process is:
Process 1:

l-V testing 1

Process 2:

DC Conditioning 1

Process 3:

l-V testing 2

Process 4:

DC Conditioning 2

Process 5:

l-V testing 3

Process 6:

DC Conditioning 3

Process 7:

l-V testing 4

In one testing process, the time lapse between l-V ramps is ~ 1min. This
sequence reveals the effects of the conditioning process on field emission
improvement and on hydrogen desorption.
First, field emission l-V tests were conducted on pristine carbon nanosheet
samples. The results are plotted in figures 4.3.1 and 4.3.2 using black dots and
black curves respectively. Next, the field emission current was sustained at ~1 juA
by manually regulating the cathode voltage. The partial pressure of the hydrogen
molecule, which represents hydrogen desorption induced by field emission, was
simultaneously recorded. This process, called DC Conditioning 1, ran ~30 min
before the cathode voltage was stopped.
After the first conditioning process, t he field emission l-V tests were
repeated, and the results are presented in blue in figures 4.3.1 and 4.3.2.

For

DC Conditioning 2 and 3, instead of sustaining the field emission current at ~1 ju A ,
the field emission current ran at ~ 1 0 //A . Elapsed time for DC Conditioning 2 is
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-6 0 min and DC Conditioning 3 is -3 0 min. Field emission l-V plots were
immediately recorded following each conditioning. l-V testing results immediately
following DC Conditioning 2 are shown in figure 4.3.1 and figure 4.3.2 with red
dots and red curves respectively. Testing results following DC Conditioning 3 are
in green.
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FIGURE 4.3.1

-i

i

i

i

i— i— i— |— i— |— .— r

sample: carbon nanosheets

;!

i ' 
l l .

>!

1E-7

j■

testing 4 ,■.

i.-'

i-

testing 3

I.*

x

!■ '

*

■

. •-

-i

. |

;

•r

■■
i ■

<
c

i .

A

1E-8

i'

g
3
O

,

LU

;j testing 2

I
■ testing 1
1E-9

1E-10

-i

0

1--- 1--- 1--- 1--- 1----1--- 1--- 1--- 1--- 1--- 1--- r-

2

4

6

8

10

12

14

Applied field (V/nm)

Field emission l-V plots before and after the conditioning
process. The testing 1-4 has eight field emission l-V
ramps respectively. In each color, the figure shows all the
(emission current) data points of eight ramps. The time
lapse between ramps is ~60 s. The figure portrays
emission current deviation in long-term (~ 60 s). Before
conditioning, the l-V plots were very noisy but the in
long-term deviation/noise reduces after each conditioning
run.
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Field emission l-V ramps before and after the conditioning
process. It shows each (emission current) data point’s
STD bar. The measurement of a data point was taken in
~0.5 s. Therefore, the figure portrays emission current
deviation in short-term (~ 0.5 s). Before conditioning, the
l-V curve reveals a lot of noise. However, subsequent
conditionings greatly reduced these short-term deviations.
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4.3.2 l-V TESTING 1-4
Field emission l-V testing results of pristine carbon nanosheets are
presented in figures 4.3.1 and 4.3.2. The data labeled as “testing 1” in black, was
taken before DC Conditioning 1. In figure 4.3.1, the black dots demonstrate the
testing results of eight field emission l-V ramps. Compared to later tests, the data
points in testing

1

have a wider distribution for the same cathode voltage, which

suggests that l-V ramps which have not undergone a conditioning process have a
larger deviation than that after ramp conditionings. Obviously, the field emission
properties were unstable during the time period

(~ 1

min) of testing

1

.

Figure 4.3.2 is another representation of testing 1-4. The black curve
shows only one l-V ramp, the 8 th ramp of testing 1 (eight ramps in totals). The blue
curve shows only one l-V ramp, the

8

th ramp of testing 2 (eight ramps in totals).

The red curve shows only one l-V ramp, the 8 th ramp of testing 3 (eight ramps in
totals). The green curve shows only one l-V ramp, the 8 th ramp of testing 4 (eight
ramps in totals). In figure 4.3.2, the field emission current value for each cathode
voltage is the average of 25 measurements. The sampling rate is ~20 ms per
measurement. Therefore, it took ~ 0.5 seconds to acquire each field emission
current point. According to the 25 sampled data, the standard deviation (STD) of
each point is also marked in figure 4.3.2. Compared to the STD of the testing 2, 3
and 4 curves in figure 4.3.2, the STD of the testing 1 curve is relatively large,
which suggests that the conditioning process reduced emission current noise.
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Figure 4.3.1 shows all the (emission current) data points of eight ramps in a
color. The time lapse between ramps is -6 0 s. And figure 4.3.2 shows each
(emission current) data point’s STD bar. The measurement of a data point was
taken in ~0.5 s. Therefore, figure 4.3.1 and 4.3.2 portray emission current
deviation in long-term (~ 60 s) and short-term (~ 0.5 s) respectively. Both figures
reveal that the DC conditioning process reduced the long-term and short-term
deviation in field emission current. Even though we can identify the difference of
both deviations via figure 4.3.1 and 4.3.2, their physical mechanism is not clear
yet. In section 4.5, the deviations were generally explained by the impact of edge
H adsorbates. The difference of the deviations might be attributed to H
adsorbates of distinct bonding configuration.
Besides reducing noise, the conditioning process also decreases the
turn-on-field of the nanosheets. As indicated in figures 4.3.1 and 4.3.2, the mean
turn-on-field of l-V tests 1-4 is 10, 5, 3 and 1.8 V ///m respectively. This suggests
that the turn-on-field of l-V plots steadily decreased after each conditioning
process. As explained in chapter 2, a lower turn-on-field enhances field emission
performance. Thus, the reduction of both noise and turn-on-field is strong
evidence that conditioning effectively improved the field emission properties of
carbon nanosheets. Possible causes of this enhancement effect will be discussed
in section 4.5.
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4.3.3. CONDITIONING
During the conditioning process, the field emission current, cathode
voltage and H2 partial pressure were simultaneously recorded and plotted in time
domain co-ordinates respectively. Figure 4.3.3 shows the plots of (I, V, PH2 ) vs
time for DC Conditioning 1, and figure 4.3.4 shows the plots of (I, V, PH2 ) vs time
for DC Conditioning 2.
Figure 4.3.3 has been partitioned into zones 1, 2, and 3. In zone 1, the
cathode voltage was increased until the mean field emission current reached
1 juA . In this zone, the emission current showed dramatic increases and
decreases. Accompanying this vicissitude, H2 desorption reached a partial
pressure peak at 3.5*10"9 Torr, then quickly decreased below 1*10'9 Torr. In zone 2,
the cathode voltage was initially fixed at 2.7 KV, but the emission current
repetitively increased to beyond 2 /j A . During this period, the cathode voltage had
to be decreased twice to keep the field emission current in the range of 1 - 2 / / A .
The initial cathode voltage in zone 2 was 2.7 KV, but the emission current
quickly increased to beyond 2 ju A , indicated by the first red arrow. To reverse the
trend, the cathode voltage was manually decreased and fixed at 2.5 KV. However,
this maneuver did not sustain field emission current at 1 ju A . Instead, field
emission current increased again until it approached 2/uA . A red arrow in the
middle of zone 2 labels this trend. Once again, the cathode voltage was
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decreased, this time to 2.4 KV. Although the cathode voltage was held steady, like
before, the emission current still did not hold at

1

/ / A , but for the third time,

climbed to 2 / / A . A red arrow on the right side of zone 2 labels this trend. During
the entire period of zone 2, the cathode voltage was decreased from 2.7 KV to 2.5
KV, and finally to 2.4 KV in order to keep the field emission current in the range of
1 - 2 /iA .

Meanwhile, the partial pressure of H2 gradually decreased from a peak

at 1*10'9Torr to a bottom line of 0.5*1 O' 9 Torr in zone 2.
At the beginning of zone 3, the cathode voltage was fixed at 2.2 KV,
resulting in an emission current that was much more stable than in previous zones.
In addition, the partial pressure of H2 had no variation in zone 3, and was
sustained at 0.5*1 O' 9 Torr. Thus, both emission current and H2 desorption are very
stable in zone 3.

Figure 4.3.3 is a typical representation of the conditioning process during
which the emission current experienced three different periods: drastic variation,
continued improvement, and steady state. The desorption process of H2 also
experienced these three states.
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Figure 4.3.3
3.0

a
o>
>
ro
:>

2 .5.

2 .0 .

>
■a
D
O

ZONE 2
ZONE 3

ZONE 1

CD

O
3.0.

t

2.5.

c

2 .0 .

w>M«|iHm>iiiniinm|iiiiiiiii|munn|iiMiim|iiinini|miiiiii|ii

6
c

o
<0
Cfl

£

LU

0.5.

0.0.
4.0

ww>|HMi u>iMmnii ii*HH>iii|im ii ii i| m m iii| iinii iH| iim nii|iii

....... .

o

o>
o
*

o

3.5

3.0

2.0

<
0
(0
4>

B
to

1-0

«
CL

0-5
400

600

800

1000 1200 1400 1600 1800 2000 2200
Time (second)

Cathode voltage, field emission current and H2 partial
pressure vs time during DC Conditioning 1. The goal of the
conditioning process is to sustain emission current at ~ 1 /uA
by manually regulating the cathode voltage.

Figure 4.3.4 represents the DC Conditioning 2 process in two parts, zone
1 and zone 2. Even though the cathode voltage was fixed at 4 KV, the emission
current in zone 1 had a large variation in the range of 10-18/ / A . Zone 2 shows
the field emission current in a steady state, with a range of 10-13/ / A . In addition,
the partial pressure of Fl2 continuously decreased from 8.5*1 O' 9 Torr in zone 1, to
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6*10'9 Torr in zone 2.

This phenomenon suggests that the surface ordering

resulting from the conditioning process can improve field emission sources.

FIGURE 4.3.4
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Cathode voltage, field emission current and H2 partial
pressure vs time during DC Conditioning 2. The
conditioning process is to sustain field emission current at
~ 10 n A .
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4.4 THERMAL DESORPTION OF HYDROGEN FROM CARBON NANOSHEETS
Experimental results in section 4.2 and 4.3 indicated carbon nanosheets’
field emission performance is affected by H adsorbates. Therefore, it’s necessary
to study the bonding status of H adsorbates in nanosheets. This section described
our research for this purpose. Carbon nanosheets are unique nanostructures that,
at their thinnest configuration, approach a single free-standing graphene sheet.
Temperature desorption spectroscopy (TDS) has shown that the hydrogen
adsorption and incorporation during growth of the nanosheets by radio frequency
plasma-enhanced chemical vapor deposition is significant. A numerical peak
fitting to the desorption spectra (300-1273 K) via the Polanyi-Wigner equation
showed that desorption followed a second order process, presumably by the
Langmuir-Hinshelwood mechanism. Six peaks provide the best fit to the TDS
spectra. Surface desorption activation energies were determined to be 0.59, 0.63,
0.65 eV for the external graphite surface layers and 0.85, 1.15 and 1.73 eV for
desorption and diffusion from the bulk. In contrast to TDS data from previously
studied a-C:H films, a greater amount of hydrogen bound as sp 2 hybridized
carbon was observed. Previous XRD study of these films have shown a
significant graphitic character with a crystallite dimension of La = 10.7 nm. This
result is consistent with experimental results by Raman spectroscopy, that show
as-grown carbon nanosheets to be crystalline as commercial graphite with a

‘ Research result in this section is published in a peer-reviewed journal.
Xin Zhao et at.

Journal o f Chem ical Physics, April (2006)
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crystallite size from La= 11 nm. Following TDS, Raman data indicate the average
crystallite increased in size to La = 15 nm.
4.4.1 INTRODUCTION OF THIS RESEARCH
Vertically oriented and free standing carbon nanosheets of 1-7 graphene
layers thick have been synthesized via chemical vapor deposition (RF PECVD)1,2.
This new morphological structure of carbon-based materials has great promise in
a number of applications.

For example, as a cold cathode electron field emission

source, the very thin edges

(< 1

nm) of the sheets provide the high field

enhancement factor (/? ) necessary to promote tunneling and the corresponding
electron emission3. Further, the high specific surface area of the films suggests
potential applications for hydrogen storage and catalyst support structure for fuel
cells.

The growth environment, a CH 4 /H 2 plasma, generates hydrogen atoms

and ions that are readily adsorbed and incorporated into the films. The high
energy of the plasma produces defects that affect the growth mechanism as well
as the physical properties of the film.

It is the purpose of this section to measure

the quantity of absorbed hydrogen and to determine the partitioning and site
locations of the H atoms in the carbon nanosheets via thermal desorption
spectroscopy (TDS).
4.4.2 EXPERIMENTAL SETUP
Carbon nanosheets (CNS) were deposited on clean, vacuum annealed,
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4x4x0.075mm3 tantalum substrates.

The growth parameters were 40% CH4/

60% H2 at p ~ 0.1 Torr and an RF power of 900 W.

A thorough description of the

inductively coupled RF PECVD growth system and characterization of this
material have been presented elsewhere 2' 5
Ex-situ characterization was completed using a Hitachi S-4700 scanning
electron microscope operating at a beam voltage 15KV and a beam current of 10
u A fo r morphology imaging and a RENISHAW™ inVia™ micro-Raman (514 nm)
for crystalline measurements. For the Raman study, three samples were tested as
received and after TDS, respectively.
Scanning electron

microscopy (SEM) shows the vertically oriented

free-standing films to be approximately

1 -2

nm thick and 600 nm high.

High-resolution transmission microscopy (HRTEM) study 1 demonstrates that
there are approximately 1-7 layers of graphene planes that make up the individual
sheet, often terminated with edges of 1-3 graphene layers. Rhenium wires (0.125
mm diameter) were spot-welded to the Ta substrates for resistive heating from
room temperature up to 1000°C.

Individual samples were admitted into the

preparation chamber (p~1x10 ' 8 Torr), heated to 150°C for one hour to remove
water, then transferred into the surface analysis chamber (p < 1x1 O' 10 Torr) for
testing.
The analysis chamber is equipped with angle resolved Auger electron
spectroscopy

(ARAES),

angle

resolved

X-ray

photoelectron
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(ARXPS) and temperature desorption spectroscopy (TDS).

The sample was

positioned on a carousel station to which power could be provided.

The sample

was rotated and positioned in front of the cylindrical mirror analyzer for selected
surface analysis or on axis with the ion source of an SRS RGA100™ quadruple
mass spectrometer (QMS) for TDS.

The ion source of the mass spectrometer

was encapsulated with a Au coated quartz envelope fashioned with a 5 mm
aperture on the axis to minimize background effects and enhance spectral
resolution6. The RGAwas mounted on a linear motion feed-through that facilitates
the ion source to approach to within 1 mm of the sample.

The plane of the Ta

substrate and the entrance aperture were in a parallel-plane geometry.

Auger

spectra of the CNS showed a perfect graphite peak and no contamination.
An iris valve within the surface analysis system was adjusted to throttle the
pumping speed, the minimum of which for Hhis
of

6

88

liter/s with the orifice diameter

mm. A customized LabVIEW™ program monitored the partial pressure of

various gas species in real time. The program synchronized the pressure signals
from the QMS, and the current/temperature to the carbon nanosheets.

A second

customized LabVIEW™ program was used to record and plot the spectra.
The partial pressure and T D S desorption rate are related as:

- V ^ + Q = S -p
at

[4.4.1]

where Q is mass flow rate of desorption, S the pumping speed, p the
pressure and V the volume of the surface analysis chamber.

With the iris valve
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fully open, the pumping speed S (liter/sec) to volume ratio is so large that d p /d t«
. dp
(SN)p, therefore the Ucontribution
ofi - V — can be ignored7.
U I III IU U IIU I I u
dt
— V

Equation [4.4.1] is

therefore reduced to:
Q~S-p

[4.4.2]

For a single desorption energy, the Fh desorption process follows the
Polanyi-Wigner equation8. The desorption rate , r ( d ) , is given by:

r (0) = - — = v .0 2 .ex p f - ^ - l
v 7
dt
V kT )
where

k is Boltzmann’s constant, AEd

[4.4.3]

is the activation energy of

desorption, t is time, T is the temperature in Kelvin, 0 is the adsorbate fractional
c o v e ra g e ,

d0
dt

is the desorption rate, and v is the pre-exponential factor. The

physical meaning of v is generally related to the adatom vibration frequency on
the surface. Combining equations [4.4.1]-[4.4.3], the partial pressure (/?,.) and
adsorbates fractional coverage { 6) of a species are related as:
(

d f) ^

P i= c ’Nr \

dt j

t4A4l

where A/, is the total number of adatoms which diffuse and recombined with
the same desorption activation energy, AEdJ, and C (Torr sec) is a constant. For
the convenience of numeric computation, p total was scaled by aconstant K to
arbitrary units, p*total,where the maximum value

of p*otal is set at 1000.

The

relationship between time (t) and temperature is:
T = 300 + a - t

(K)
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where

a

is

the

temperature

ramp

rate.

Combining

equations

[4.4.3]-[4.4.5];
[4.4.6]

K, C and

are the constants in the equation. Nn v, and AEdJ are the

key parameters with specific physical meanings as mentioned.
In previous research of Jong8, eight different methods have been
suggested to evaluate the desorption parameters, N ,v,A E d , from a TDS spectra.
However none of them can adequately solve multi-peak spectra from a second
order process.

For instance, if the peak temperature

Tm is known, the

desorption energy, AEd , can be easily found by Redhead’s peak maximum
formula,
A £ ,= .R 7 ; [ ln ( v 7 ; /a ) - 3 .4 6 ]

[4.4.7]

where a is the same as equation [4.4.5], But this equation is only valid for
first order desorption process, and has to assume v /a as a constant.
To resolve multi-peaks in empirical TDS spectrum, several researchers 9
utilized Gaussian curves to deconvolute data. However, this method does not
accurately account for the kinetics process of desorption, which is conventionally
depicted by Polanyi-Wigner equation8.
In our research, a Matlab™ program was developed to fit the empirical

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

141
multi-peak TDS spectrum (p tota*) with a set of parameters (N n vi and AEd, ) in
equation

6

. The program’s algorithm is to use the sum of a series of independent

Polanyi-Wigner equations to simulate empirical data.

This method is agreeable

to Su’s work 10 that used similar algorithm to simulate two-peak empirical TDS
spectrum. Our program in Matlab™ scripts will be submitted to AlP's Electronic
Physics Auxiliary Publication Service (EPAPS) website for free download.
4.4.3 EXPERIMENTAL RESULTS
Figure 4.4.1 is a scanning electron micrograph (SEM) of a nanosheet
sample after TDS. The plan view image shows the random orientation and
corrugated nature of the nanosheets. Compared to as-grown nanosheets1,2, there
is no visible change in the morphology from the SEM following TDS (up to 1273 K).
Figure 4.4.2 is a cross-section view of a nanosheets sample grown on a Si
substrate, which has been cleaved to show the bulk layers of carbon below the
nanosheets.
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FIGURE 4.4.1

SEM image of carbon nanosheets, grown on Ta substrate,
shown after TDS (plan view). The plan view image
shows the random orientation and corrugated nature of
the nanosheets. Compared to as-received nanosheets,
there is no change in morphology.
FIGURE 4.4.2

Si s u b s tra te

SEM image of carbon nanosheets grown on Si substrate
(cross-section view) which has been cleaved to show the
base layers of carbon below the nanosheets. The
vertically oriented free-standing films are approximately
1 - 2 nm thick and 600 nm high.
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Raman spectra of the CNS, before and after TDS, are shown in figure 4.4.3.
The initial D (1356 cm'1)/G (1581 cm '1) ratio is - 0.39, but this decreased to 0.29,
or about a 25 % decrease after the vacuum annealing or TDS experiments to
1273 K.
FIGURE 4.4.3
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Raman spectra of carbon nanosheets before and after
TDS experiment. The D (1356 cm '1)/G (1581 cm '1) ratio
of the as-deposited material was ~ 0.39. The D/G ratio
decreased to ~0.29 after vacuum annealing (1273 K) or
TDS experiments (1273 K), indicating an increasing
order and grain growth in the material which we attribute
to carbon relaxation and recovery due to removal of
adsorbed hydrogen.
TDS spectra were run at temperature ramp rates of a = 25, 20, 15, 10 and
5 K/s to find the optimum resolution. For each ramp rate, TDS were repeated with
three samples. Figure 4.4.4 shows comparative data at a = 25, 20 and 15 K/s
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(the slower ramp rates of 10 and 5 gave poor resolution and are not shown to
retain figure clarity). Positioning the sample 5 mm from the entrance aperture of
the quartz envelope of the QMS in a parallel plane geometry and applying a = 15
K/s yielded the best resolution.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

145

FIGURE 4.4.4
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H2 TDS spectra from carbon nanosheets samples at
temperature ramp rates ( a of 25, 20 and 15 K/s. A ramp
rate of 15 K/s yielded the best resolution and was used for
numerical peak fitting. Spectra collected at a - 10 and 5
K/s did not yield adequate resolution and are not shown for
clarity.
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The total amount of H atoms released (N tolal) is related to the pressure (p)
by:

K „ ~ ^ P - d >

[4 .4 .8 ]

room

The average number of H adatoms released from a 4 x 4 mm 2 carbon
nanosheet sample was ~ 3.8 x10 16 atoms (±5% over 3 samples).

The precise

weight of the carbon nanosheet sample is so small that an accurate measurement
is difficult, but a rough estimate indicates 0.02 mg/cm2, which equals to 1 H atom
for every 4.5 C atoms.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

147
FIGURE 4.4.5
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H2 TDS spectra of carbon nanosheets (15K/s) with the
corresponding sub-peaks from a numerical integration of
the second order desorption equations. The minimum
number of sub-peaks required to produce the best fit was
six. Fitting parameters are presented in Table 1.
Previously published amorphous carbon film data from
Schenk et al., (J. Appl. Phys. 77 (1995) 2462) are also
presented for comparison.

Figure 4.4.5 shows repeatable and representative TDS at a = 1 5 K/s.
According our TDS experimental setup and results, C equals to 10' 20 (Torr/sec)
and K equals to

1 .2

x l 0 9 (1/torr).

The experimental data was fitted by
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numerically integrating equation [4.4.3] by assuming n sub-peaks and thus n x 3
initial estimates. The minimum number of sub-peaks to give the best quality of fit
was found to be six. The resulting curves were summed following equation [4.4.6]
and compared to the experiment spectra to give a root mean squared error of fit.
Subsequent Brownian random search resulted in the best-fit parameters show in
Table 1 with the least root mean square error of 0.3%. The only good fit to the data
was a second order process (n=2), which represents recombination of H atoms
before they leave the surface. The data from the numerical fit for the peak
i = 1~ 6 are shown in Table 1.
Table 4.4.1
/

\

\ i

/

xioo%

to g io M )

!ogio (v ,)

A £ d,(e V )

1

14.47

6.38

0.596

445

0.78

2

15.42

5.56

0.653

550

6.87

3

15.39

4.28

0.636

650

6.86

4

16.08

4.50

0.847

820

31.91

5

15.91

5.48

1.15

948

21.42

6

16.08

7.56

1.73

1080

31.63

Peak /

Tpeak (K)

Parameters calculated from the TDS data using equation [4.4.3] and [4.4.6]

The pre-exponential values required for the least rms fit vary from 104 28 to
107 56 (I/s) for the specific hydrogen bond, which is much lower than the
conventional assignment of 10 12 ~ 1014 (1/s) usually applied in TDS analysis.
This is not without precedent, however.

Recently, several authors have
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suggested an electron transition component in addition to the vibrational energy
transfer and reported values in the

104

~

106

( 1 /s) range11.

The integration of the individual peaks shown in the figure 4.4.5 yield a
concentration from the bulk layers five times greater than the surface (see Table
1).

Further, during the TDS process, no atomic H was detected; only H2 and

negligible amounts (<0.1 %) of other desorbed gases were observed.

Since the

partial pressure of background gas-phase H2 is negligible (p~ 1x1 O' 10 Torr),
impingement of hydrogen

on the

surface

is also

negligible.

Therefore,

recombination by the Eley-Rideal (ER ) 12,13 mechanism is highly unlikely, i.e., H
from the gas phase combining with H adsorbed on the surface.

Conversely, the

Langmuir-Hinshelwood (LH ) 12,13 mechanism is a more likely explanation for the
observed TDS kinetics, i.e., H adatoms diffuse on the surface, collide and
recombine to H2 before desorption.
4.4.5 DISCUSSION
The growth of the CNS by inductively coupled rf-PECVD with 40% CH 4 /H 2
at ~ 0.1 Torr and substrate temperature T~680°C generates a sheet growth rate ~
0.5 nm/s.

The thickness of the sheets varies from 1 to 7 graphene layers with

termination edges of 1-3 graphene layers5. A schematic representation of an
individual sheet is shown in figure 4.4.6.

The high-energy plasma necessary to

grow the ultra-thin sheets is also likely to generate a significant defect density as
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well as adsorb/incorporate many hydrogen atoms. The Raman spectra shown in
figure 4.4.3 show a D/G ratio of ~0.39 for representative as-grown CNS, which is
very similar to that determined by Tuinstra and Koenig 14 for commercial grade
graphite (~ 0.39).

The structure of the CNS, after vacuum annealing (1273 K for

10 min) or after a TDS run (300-1273 K) for ~2 min, showed no apparent
morphology change when observed by SEM, but the D/G ratio decreased to
-0.29.

This decrease in the D/G ratio may also be connected with desorbed

hydrogen since H atoms can induce tetragonalization (puckering) of the C atoms
in the graphene plane13,15,16. Hydrogen adatom removal should promote planar
relaxation back to a more ordered condition and allow vacated carbon atoms
(previously H terminated) to mend and grow the graphene lattice. This is
consistent with work by Schenk17,18, Biener19,20 and Zecho 21 et at, electron energy
loss spectroscopy (EELS) and high resolution electron energy loss spectroscopy
(HREELS) of a-C:H films taken after annealing show a substantial shift towards
sp 2 graphitization. The

plasmon was observed to shift over 1.5 eV to plasmon

energy of 6.5 eV when the hydrogen was desorbed. This

plasmon energy is

characteristic of pure graphite19,21. The carbon nanosheets films studied in this
work are more graphitic than the a-C:H films of Schenk, Biener or Zecho, and
appear to have adsorbed/incorporated far less hydrogen in the growth process.
The XRD measurements 5 of similar nanosheets samples have shown a significant
graphitic character with a crystallite dimension of La = 10.7 nm. The Raman data
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in figure 4.4.3 of the as-deposited CNS indicate a narrow FWHM for the G peak of
W g = 21 cm '1. Figure 4.4.3 indicates the intensity ratio of the D/G peak is 0.39.
Using the empirical formula La = 4 .4 /(Id /Ig ) nm in Kurita’s work22, the average
crystallite diameter for the ordered grains is 11.3 nm which is in excellent
agreement with the XRD measurements. A similar calculation for the Raman data
after TDS gives a crystallite growth to U = 15 nm.
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FIGURE 4.4.6

1-7 graphene layers

surface
layers

substrate

A schematic of idealized carbon nanosheets shows the
edges, surface layers, bulk and base layers. The majority of
H2 comes from recombination, diffusion and desorption
from the bulk layers.
Inset (a) is a schematic
representation of a hydrogen atom adsorbed in an outward
configuration on a graphitic surface. Inset (b) is a schematic
representation of a hydrogen atom absorbed in an interior
configuration on a graphitic surface.
Since we have limited our TDS to 1273 K and since some C-H covalent
bonds 23 have been calculated to be in excess of 4.8 eV, ( e.g. on the e d g e s), it is
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probable that not all the adsorbed hydrogen has been desorbed.

This is also

consistent with other researchers’ observations that 2800K is necessary to
completely desorb all hydrogen24. Peak fitting of the TDS spectra method,
presented in figure 4.4.5, shows six significant sub-peaks.

The position of first

two peaks (1, 2) at about 445K and 550K are in good agreement with the
experimental data reported by Zecho et a/.15, for H atom adsorption on highly
oriented pyrolytic graphite (HOPG) surface.

Our interpretation is that the H

atoms/ions adsorbed on the available in-plane sites of the C atoms, which are
located on the surface layers of the nanosheets. Figure 4.4.6 is an illustration of
nanosheets showing the zones of edges, surface layers and bulk layers.
Specifically, the sites, which could be assigned to peak 1-2, are on the top of
surface C atoms projecting outward (figure 4.4.6 inset (a)) and/or on sub-surface
C atoms projecting into the space between graphene layers (figure 4.4.6 inset (b)).
It is known half of the C atoms in the graphite lattice align on top of each other
with a distance of c/2 in z direction (C1 sites) and the other half align above the
centers of the six-member-ring of the adjacent graphene planes (C2 sites)16. In
the case showed in inset (a), H could be adsorbed on either C1 or C2 sites.
However, in the case showed in inset (b), the attached C atoms could be only in
C2 sites, where the H atoms are also centered within the adjacent surface (or bulk)
hexagonal rings.

In both cases, the hydrogen is bonded to the surface C atoms

on an sp 3 hybridization fashion and cause lattice distortion (tetragonalization).
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The activation energy for the 445 K peak was found to be 0.6 eV (correction for
zero point energy give a computed value of 0.83 eV).

Our measurements of

0.59 eV and 0.65 eV on the peak 1 (445K) and peak 2 (550K), respectively (zero
point energy neglected), are close to Ferro 12,13 and Zecho’s 15 density functional
calculations.

Due to its similar activation energy of 0.639 eV, peak 3 (660K)

could also be assigned to the same group of H adsorbates.

Based on the area

fraction of peaks 1, 2 and 3, sixteen percent of the total H2 desorbed from the
CNS appears to have desorbed from the surface.
The high temperature peaks (4, 5,
indicate a concentration

6

6

) observed at 820 K, 948K and 1080K

times greater than that of the low temperature peaks.

These peaks most likely represent H atoms adsorbed on sites within the bulk. The
mechanism for desorption of these H atoms is either by interplanar diffusion of
atomic H and surface recombination, or by atomic H recombination and H2
molecule diffusion directly between the layers to the external surface. Normal
(orthogonal) atomic diffusion through the layers has a very high activation barrier
of 4.13 eV12, so, of course, is far less probable.
Schenk et al .

18

In figure 4.4.5, the data of

for TDS from a-C:H film have been plotted to compare to the data

in this work. The overall TDS spectra are quite similar. Peak 4 at 820K in our work
can be compared with the major peak at 920K in Schenk’s work which Schenk
attributes to sp 3 hybridized CHx (x=1-3). In the -CH configuration, one H atom is
bound to an sp 3 hybridized C, which connect to three adjacent C atoms. In the
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-CH 2 configuration, H atoms are bound to an sp 3 hybridized C, which could
connect to two adjacent C atoms. In the -CH 3 configuration, H atoms bound to one
sp 3 hybridized C, which could only connect to one adjacent C atom.

The

difference in the peak temperatures of desorption in our work compared to
Schenk’s work on a-C:H films may be attributed to the differences in diffusion and
recombination from between the planes of the more ordered graphitic structure
compared to an amorphous material. For the peak temperature deviation, another
possible reason probably is the concentration difference on sp 3 hybridized CHX
(x=1-3) groups in carbon nanosheets and a-C:H films, respectively. Carbon
nanosheets have long-range ordered graphitic structure (La ~10nm). Therefore,
this structure is unlikely to accommodate large populations of the three
dimensional -C H 2 and -C H 3 bonds in the graphene plane except at the crystal
boundaries. In our work, the hydrocarbon gases desorbed were negligible (<1%)
which suggests that the desorbed hydrogen is more likely coming from the
aforementioned tetrahedral -CH bonding to the C2 sites 16 within the bulk.
Peak

6

at 1080K can be compared to the Schenk’s peak at 1150K to which

they attribute to sp 2 hybridized CHx(x=1-2).

As previously indicated by XRD 5 and

Raman spectroscopy, the nanosheets are much more graphitic than the a-C:H
films of Schenk17,18, Biener19,20, Zecho 21 and W ild’s 25 work and, as such, peak
should be dominant in the nanosheet spectra.

6

Hydrogen bound to carbon in the

sp 2 hybridized bond, most likely is at the crystal boundaries where dangling bonds,
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vacancies,

pentagon and network disorder allow a C-H structure to be

accommodated. Peak 5 is not obvious, but is necessary to obtain a close fit
consistent with the Polanyi-Wigner equation.

A possible explanation for this TDS

peak is hydrogen bonding on the C atoms of mixed sp 2/sp 3 hybridization, which
occurs at defects in the bulk, such as Stone-Wales defects16,26.

Desorption

activation energies determined for the high-energy peaks found in our work are
0.85eV, 1.15eV and 1.7eV.

Since no atomic hydrogen is detected in our TDS

experiment, the energies represent the activation barriers to interplanar diffusion
and/or recombination, which are the two rate-limiting steps to molecular
desorption.
Ferro et al. make a compelling case for surface recombination consistent
with the Langmuir-Hinshelwood mechanism13. Their calculations suggest a 1.25
eV barrier to migration of an isolated H atom, a 0.46 eV diffusion barrier in the
vicinity of another H adatom and a 2.72 eV rate-limiting barrier to recombination
(when the two H atoms are less than a C-C bond length), all on a free graphene
surface.

This last activation barrier is considerably higher than even the highest

desorption energy (1.7 eV) determined in this work, suggesting this is not the
primary bulk desorption mechanism in nanosheets.

The normal interplanar spacing of graphite is 16 of = 0.334 nm, and the
graphene layers studied in this work have an even larger separation 5 (d = 0.34 nm)
because of the reduction in c-axis confinement due to the lack of long range

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

157
forces. The nanosheet inter-planar distance is substantially greater than the H2
molecular diameter of 0.271 nm, which suggests recombination may occur
between the graphene layers because H2 has room to diffuse as a molecule.
4.4.6 CONCLUSIONS
Temperature desorption spectroscopy of carbon nanosheets grown by RF
PECVD in a CH 4 /H 2 plasma has shown surface and bulk desorption peaks from
the recombination of hydrogen atoms by the Langmuir-Hinshelwood mechanism.
Resolution of the peaks was accomplished by numerical fit to the Polanyi-Wigner
equation.

The ratio of the bulk to surface concentration was found to be ~ 6/1.

The surface desorption activation energy of 0.59 eV has been favorably
compared to several density functional calculations reported in literatures12,13,15.
Comparison of the carbon nanosheets data to a-C: H films from other
researches17,18 show similar TDS spectra, but with a greater hydrogen bonding to
sp2 hybridized carbon than sp3 hybridized carbon.

This is expected since the

carbon nanosheets are far more graphitic than the amorphous films.

The

graphitic character is confirmed by XRD and Raman spectroscopy which give La ~
11 nm.

Raman spectroscopy also showed a 25% crystallite increase in the

carbon nanosheets’ after TDS.

This grain growth has been interpreted as a

combination of the removal of the hydrogen, which permits surface relaxation,
recovery and thermal ordering of the nanosheets. Finally, since the C-H bonding
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energy on the edge of the graphene sheet have been calculated as high as 4.8 eV,
and substrate temperature as high as 3000K are needed for complete hydrogen
removal, it is probable that this TDS work does not include edge-bonded
hydrogen in high bonding strength.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

159
References for Chapter 4.4
1

J.J. Wang, M.Y. Zhu, R.A.Outlaw et al., Applied Physics Letters 85 (7),
1265 (2004).

2

Jianjun Wang, Mingyao Zhu, R. A. Outlaw et al., Carbon 42 (14), 2867
(2004).

3

Jianjun Wang, Mingyao Zhu, Xin Zhao et al., Journal of Vacuum Science &
Technology B 22 (3), 1269 (2004).

4

Jianjun Wang, Mingyao Zhu, R. Outlaw et al., presented at the Technical
Digest of the 17th International Vacuum Nanoelectronics Conference
(IEEE Cat. NO.04TH8737). IEEE. 2004, pp.222-3. Piscataway, NJ, USA.,
2004 (unpublished).

5

B. L. French, J. J. Wang, M. Y. Zhu et al., Journal of Applied Physics 97
(11), 114317 (2005).

6

P. Feulner and d. Menzel, J. Vac. Sci. Technol. 17 (2), 662 (1980).

7

D. A. King, Surface Science 47 (1), 384 (1975).

8

A.M. de Jong and J.W. Niemantsverdret, Surface Science 233, 355 (1990).

9

L. D. Lopez-Carreno, A. J. Ramirez-Cuesta, L.Viscido et al., Journal of
Molecular Catalysis A: Chemical 167, 157 (2001); L. D. Lopez-Carreno,
J.M. Heras, and L.Viscido, Surface Science 377-379, 615 (1997); W.
Lisowski, E.G. Keim, A.H.J van den Berg et al., Carbon 44, 974 (2006).

10

C. Su and J. C. Lin, Surface Science 406, 149 (1998).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

160
11

A. A. Hassz, P. Franzen, J.W. Davis et al., J. Appl. Phys. 77 (1), 66 (1994);
B.R. Trenhaile, V.N. Antonov, G.J. Xu et al., Surface Science Letters 583,
135 (2005); Robert J. Hamers, Surface Science 583, 1 (2005).

12

Y. Ferro, F. Marinelli, and A. Allouche, Journal of Chemical Physics 116
(18), 8124 (2002).

13

Y. Ferro, F. Marinelli, and A. Allouche, Chemical Physics Letters 368 (5-6),
609 (2003).

14

F. Tuinstra and J. L. Koening, Journal of Chemical Physics 53 (3), 1126
(1970).

15

Thomas Zecho, Andreas Guttler, Xianwei Sha et al., Journal of Chemical
Physics 117 (18), 8486 (2002).

16

Sara Letardi, Massimo Celino, Fabrizio Cleri et al., Surface Science 496,
33 (2002).

17

A. Schenk, J. Biener, B. Winter et al., Applied Physics Letters 61 (20), 2414
(1992).

18

A. Schenk, B. Winter, J. Biener et al., Journal of Applied Physics 77 (6),
2462(1995).

19

J. Biener, A. Schenk, B. Winter et al., Physical Review B-Condensed
Matter 49 (24), 17307 (1994).

20

J. Biener, A. Schenk, B. Winter et al., Surface Science Letters 291, L725
(1993).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

161
21

T. Zecho, B. D. Brandner, J. Biener et al., Journal of Physical Chemistry B

105 (26), 6194 (2001).
22

S. Kurita, A. Yoshimura, H. Kawamoto et al., Journal of Applied Physics 97,
104320 (2005).

23

Klaus May, Barbara V. Unterreiner, Stefan Dapprich et al., Phys. Chem.
Chem. Phys. 2 (22), 5089 (2000); Klaus May, Stefan Dapprich, Filipp
Furche et al., Phys. Chem. Chem. Phys. 2 (22), 5084 (2000); Klaus May,
Dapprich Stefan, Furche Filipp et al., Phys. Chem. Chem. Phys. 2 (24)
(2000); Klause May and Stefan Dapprich, Phys. Chem. Chem. Phys. 2,
5084 (2000); Klause May and Reinhart Ahlrichs, Phys. Chem. Chem. Phys.
(2000).

24

M.S. Dresselhous and P. Eklund, Science o f Fullerences and Carbon
Nanotubes.

25

C. Wild and P. Koidl, Applied Physics Letters 51 (19), 1506 (1987).

26

E. J. Duplock, M. Scheffler, and P. J. D. Lindan, Physical Review Letters 92
(22), 225502/1 (2004).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

162
4.5 THE IMPACT OF HYDROGEN ADSORBATES ON FIELD EMISSION
Section 4.2 described experiments in which field emission buildup, noise,
and catastrophic failure were observed during l-V testing. Section 4.3 described
hydrogen desorption during the field emission process, as well as “DC
conditioning” process to improve the field emission properties of nanosheets.
Thermal desorption spectroscopy experiments described in section 4.4 prove that
the only significant desorbed specie is hydrogen and the amount of hydrogen
incorporated into nanosheets is significant. This section will address the impact of
hydrogen adsorbates on field emission properties of carbon nanosheets. For
other phenomena which can’t be attributed to hydrogen adsorbate effect, they are
explained via geometrical field enhancement (/?) factor.
4.5.1 IMPACT OF VACUUM ANNEALING AND HIGH CURRENT
CONDITIONING ON FIELD EMISSION
Experimental results in section 4.2-4.4 revealed that some H adsorbates
might degrade nanosheet’s field emission performance, and a DC or ramp
conditioning process (with emission current < 10/^A ) could improve emission
performance. To explore the adsorbate effect and conditioning mechanism, two
special sets of field emission l-V testing were implemented.
In the first set, carbon nanosheets samples were vacuum annealed (up to
1000°C). Before and after annealing, field emission l-V testing was conducted and
the experimental result is presented in figure 4.5.1. The testing data showed no
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significant change before and after the annealing process. The desorbed H atoms
(adsorbates) in the surface layer and bulk were desorbed, but the temperature
was insufficient to break the edge hydrogen adsorbate bonds.

FIGURE 4.5.1
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This figure shows the field emission l-V testing results on
10 nanosheet samples, before and after vacuum
annealing (up to 1000°C). The figure shows virtually no
improvement by desorbing H adsorbates in surface and
base layers.
In the second set, carbon nanosheets samples were conditioned in DC
mode. The conditioning current is 40 juA . Field emission l-V testing was
conducted before and after the high current conditioning. The testing result is
presented in figure 4.5.2. The figure shows that, after the conditioning, emission
noise was greatly deduced but the turn-on-field increased.
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FIGURE 4.5.2
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Figure 4.5.2 shows field emission l-V testing results, before and
after a DC conditioning process. The conditioning current was set
at 40 /uA . After the process, the noise decreased, but the
turn-on-field increased. The figure suggests that the nanosheet
edges and corners with the highest current density (“hot-runners”)
were destroyed. However, after conditioning, more edges/corners
became active emitters.

It is known that adsorbates significantly impact field emission properties.
Minoux et a t} found by using vacuum annealing (850°C), the saturation field
emission current per carbon nanotube emitter can increase from ~1

to

~100 uA . However, figure 4.5.1 shows that even though adsorbates were
desorbed via vacuum annealing, emission performance of nanosheets was still
not changed. Another controversial observation is that the low current and the
high current conditioning have distinctly different effect.

Section 4.2-4.3 showed

DC or ramp conditioning in a low emission current (<10^,4) can greatly decrease
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both noise and turn-one-field, which is a sign of improvement. However, figure
4 .5 .2

shows after a high current DC conditioning

(~ 4 0 //v 4 ),

turn-on-field of the

nanosheet sample was obviously increased. To advance our knowledge on those
controversial phenomena, it is necessary to identify the unique structural features
that determine the field emission properties of carbon nanosheets.
4.5.2 STRUCTURE FEATURES OF CARBON NANOSHEETS
Our discussion will begin with the structure of nanosheets in micrometer
scale, move to a discussion of nanosheet edges (nanometer scale), and end with
a discussion of the role of individual hydrogen and carbon atoms (atomic scale).
This sequence reflects the geometrical size of nanosheets from large to small.
The SEM picture of a typical pristine nanosheet sample (see Figure 4.4.2)
indicates that, on average, nanosheets are a few nm thick, approximately 500 nm
high and approximately 500 nm wide, and are randomly distributed on the
substrate’s surface. Each piece of the nanosheet is a potential field emission site,
depending on its geometrical field enhancement (J3) factor. It is known via F-N
theory study that field emission is very sensitive to a small variation of surface
field. A small variation on geometrical field enhancement factor can lead to a large
variation in emission current density. Since the morphology of each nanosheet
varies, the field emission current could also vary greatly from one

nanosheet to

another. Consequently, the lateral field emission pattern might not be uniform.
An individual piece of carbon nanosheet is a few nm thick. It usually has 1-7
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graphene layers, and sometimes terminates with one single graphene plane (see
the inset of figure 4.4.2). The schematics of graphene layers are shown in figure
4.5.3.
FIGURE 4.5.3

I

An idealized schematic shows the edge configuration of a
single carbon nanosheet. One nanosheet usually has 1-7
graphene layers, and sometimes terminates in one
graphene layer. The inset shows an edge terminal with
three graphene planes. The outermost plane probably has
the highest local field; therefore current density at this
corner is probably the highest.

For this configuration, each nanosheet has tall, irregular, sharp edges and
corners with thickness <1 nm. Compared to in-plane sites, the local field
enhancement U 3) factor at these edges have much higher values, resulting in a
much higher local field. Therefore, according to the F-N theory, field emission
current densities at the edges and corners should be so predominant, that these
locations might be the only field emission sources of an individual piece of
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nanosheet.
The specific atom termination at the sheet edges determines the local work
function. Theoretically, a perfect and infinitely large graphene layer has a
honeycomb configuration consisting of sp2 hybridized carbon atoms in hexagonal
six-member-rings. However, the edges of a graphene layer deviate from the ideal
configuration in both structure and chemical composition. For instance, besides
the six-member-ring structure, five or seven-member-ring structures might also
exist at the edge region. Dangling C atoms that protrude outwards (see figure
4.5.4) are another structural defect.
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FIGURE 4.5.4

An illustration of the edge of a nanosheet terminated with H atoms.
The edge structure is distinct from the in-plane structure. The
edge H adsorbates affect the work function via its impact on
charge-distribution and dipole momentums in the vicinity of the
edges and, thus, the field emission of nanosheets.
In regards to chemical composition, H adsorbates at nanosheet edges
cause deviations in chemical composition of ideal graphene plane. Several
possible H-C bonding configurations in the vicinity of edges are rendered in figure
4.5.4. Auger electron spectroscopy (AES) and TDS experiments proved that the
chemical composition impurity is caused solely by hydrogen adsorbates. A
hydrogen atom at the edge of a graphene plane could form a strong chemical
bond with a C atom. Density function calculations by May et al.2 indicated that the
edge C-H bonding energy varies from

3 to 5 eV in different bonding

configurations.
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4.5.3 ADSORBATES’ IMPACT ON FIELD EMISSION VIA WORK FUNCTION
As introduced in chapter 2, work function is determined by the chemical
composition and crystallinity of the outermost surface atoms.

In the case of

carbon nanosheets, it is the edge hydrogen adsorbates and the edge carbon
atoms that decide the nanosheets’ work function via their impact on charge
distribution and electric dipole moment distribution in the vicinity of the edges.
The impact of surface atoms on field emission can be understood
qualitatively as follows. Nanosheet edges typically terminate with loosely bonded
C and H atoms, leading to a higher work function than that found in a well-ordered,
graphene plane. However, once an electric field is applied to the nanosheets, the
edge atoms convert to a more crystallgraphically ordered and more stable
structure by field-induced surface diffusion. This newly formed structure has a
much lower work function than before, and according to the F-N equation (see
chapter 2), a 25% decrement in work function increases field emission current
density by 2-4 orders of magnitudes3. Therefore, because of the sudden decrease
in work function, field emission current is instantaneously observed. Such
phenomenon was reported in section 4.2 as a “buildup” process. However,
surface reconstruction by only one field emission ramp was not enough to achieve
stability. In order for the l-V data to become more repeatable, several ramps had
to be conducted in order to condition the carbon nanosheets. After the ramp
conditioning, nanosheet edges could have lower work function with more stable
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structure.
While, repetition of ramp conditioning can achieve stability, DC conditioning
(see section 4.3) via long time processing is a more efficient way to improve
emission properties. Compared to the ramp conditioning described in section
4.3.2, the longer DC conditioning process in section 4.3 allowed edge H and C
atoms enough time to diffuse and reconstruct. Therefore, the process of
crystallographical edge reconstruction is more complete.
The mechanism of crystallographical reconstruction can be qualitatively
understood as follows. First, an applied electric field promotes surface diffusion at
the nanosheets’ edges, causing the work function to change drastically.

Next,

because of the local electric field, edge hydrogen adsorbates diffuse, recombine
and desorb as hydrogen molecules. Over time, most of the weakly bonded H
desorbs from the edges and only the strongest edge structures survive. Thus,
after reconstruction, the carbon nanosheets’ field emission improved with the
creation of a more stable structure.

However, it is still unknown which

configuration of the C-C or the C-H bonding is strongest. First principle
calculations are needed to answer this question.
Besides edge H adsorbates, there are significant amounts of H residing in
the surface layers and bulk layers of carbon nanosheets (see section 4.4).
Vacuum annealing of nanosheets sample (<1000°C) could completely remove the
H atoms in the surface layers and bulk layers, which was supported by TDS
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experiment in section 4.4. Testing after annealing (see figure 4.5.1) showed no
change compared to the l-V plot before the thermal treatment. This experiment
indicates only the edge hydrogen adsorbates determine nanosheet’s field
emission properties, whereas H adsorbates in the surface and bulk layers have
no impact on field emission.
In summary, pristine carbon nanosheets incorporated edge, surface, and
bulk H adsorbates. Only edge hydrogen adsorbates impact field emission
properties, because only H atoms on the edges of nanosheets determine work
function. Edge H adsobates could be moved during an emission process. A
conditioning treatment, in either ramp mode or DC mode, could efficiently desorb
the edge-H. Thus the work function of nanosheets might be reduced.
4.5.4 INFLUENCE OF GEOMETRICAL FIELD ENHANCEMENT (/?) FACTOR
ON FIELD EMISSION
The

previous

paragraph

explained

why the

low emission

current

conditioning could improve nanosheet emission performance via adsorbates
removal. However, for the high current conditioning process (see figure 4.5.2), the
adsorbate effect is not sufficient to explain the field emission mechanism. The
geometrical field enhancement ( p ) factor and the factor’s distribution in a
nanosheet sample might determine high current field emission mechanism.
Chapter 2 discussed how the geometrical features of a field emission
source determine surface electric field via the geometrical field enhancement (/?)
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factor, which can greatly enhance surface field. For carbon nanosheets, structure
features in the nanometer and micrometer scale determine the nanosheets’ beta
factor {/3 ). As described in section 4.5.2, the geometrical features of nanosheets
are so irregular that the beta factor varies significantly from sheet to sheet, and
from edge to edge, leading to the non-uniformity of the emission sites density and
the current density along the sample plane.
Our analysis implies that, besides its non-uniformity, the field emission of
nanosheets in a low field emission regime (total emission current less than 1 / / A )
has two additional key features. First, only a limited number of emission sites
might be turned on. These sites can be found at the edge or the corner of some
nanosheets. Second, when emission sites are turned on, they might have a very
high local field emission current density. These two field emission features can be
explained by the following analysis.
In l-V testing, the measurable total field emission current can be expressed
by a simple mathematic equation.
[4.5.1]

where I mai is the total field emission current from a carbon nanosheet
sample.

The number of field-emitted nanosheets is presented as N,. For one

field-emitted nanosheet, the local emission current density is

and the local

emission area is Sh The subscript note (/) represents the group of emission sites
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with equivalent local emission current density. In this equation, both the number of
field-emitting nanosheets (Ni) and local emission area (S,) are dependent
variables relying on the distribution of local emission current density (J,). According
to F-N equation, the local emission current density (/,) is a fast varying function
relying on two independent variables: work function ($ ) and surface electric field
(J).). The surface electric field (Ft ) is determined by the local geometrical field
enhancement ( J3t ) factor and

a

[4-5.2]

Where, V is the differential voltage between cathode and anode, and d
is the geometrical distance between cathode and anode. Both differential voltage
(V) and geometrical distance (d) are constants for all the nanosheets. In
conclusion, equation 4.5.1 is determined by two independent variables: work
function ( $ ) and beta factor (/?,).
Each piece of carbon nanosheet will have a unique combination of work
function and beta factor. It’s reasonable to assume that the combination of $
and

would comply with a distribution function, such as a normal (Gaussian)

distribution or exponential distribution. For instance, Obraztsov et a i A used a
normal (Gaussian) distribution in their field emission study of carbon nanoflake
thin film. However, Nilsson et al.5 believed that the exponential distribution is
typical for most electron emitting thin films. Simply, the number of nanosheets
which have the maximum value of beta factor and minimum value of work function,
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will be very small. Analysis in chapter 2 and lannazzo’s work3 both indicate if the
work function decreases by 25% or the beta factor increases by 25%, the local
emission current density will increase 2-4 orders of magnitude. As mentioned in
the previous paragraph, the number of field-emitted nanosheets (Ni), or the
number of emission sites, relies on the distribution of local emission current
density (/,)■ Because the number of field-emitted nanosheets (N,) which have the
maximum local emission current density (/,-) is impacted by both the distribution
function (Gaussian or exponential) and the F-N equation, the resulting number is
very small.
The assumption and analysis in this section, “only a very limited number of
emission sites would be turned on” and “some emission sites would have very
high local field emission current density”, are quite consistent with Nilsson5,
Bonard6 and Zhu’s7 study on thin film samples. Nilsson used scanning anode field
emission microscopy (SAFEM) and a phosphate screen to map the field emission
current l ( x , y ) as a position of anode tip position on a carbon-based thin film
sample. He showed that the large variation in the emission sites density and
current density can be explained in terms of the spatial variation of the field
enhancement factor, J3(x,y). Nilsson’s study introduced the concept of field
enhancement distribution/ ( / ? ) , which described the number of emission sites
with a same beta factor. It’s shown experimentally in his carbon thin film sample,
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the / ( / ? )

follows exponential distribution. He stressed the diode-type field

emission l-V measurement, especially the threshold field/voltage, is incomplete to
reveal the emission performance of a thin film cathode. Instead the field
enhancement distribution function / ( / ? ) could give a complete characterization of
the thin film field emission properties. From his other experiments, he believes the
exponential distribution of beta factor is typical for most electron emitting thin films.
In order to obtain a field emission array with uniform emission density, he
suggested stringent requirement on the variation of beta factor, e.g. d p i p < 4%.
However, a major drawback of Nilsson’s methods is he assumes the material’s
work function is constant. Had he considered a distribution of work functions, his
work could be directly applied to nanosheet thin film samples.
4.5.5

NANOSHEETS OPERATING UNDER A HIGH FIELD EMISSION

CURRENT
According to the analysis in the previous paragraph, when nanosheets
work under high field emission current (>10

juA ), the effect of hydrogen

adsorbates might not be sufficient to explain some field emission phenomena. For
instance, figure 4.2.6 shows a catastrophic failure of nanosheets.
There are two

ways to explain both

hypothesize that, after a failure event or high

phenomenon.

First, we can

current conditioning, the work

function of the nanosheets drastically increased because the nanosheet edges
were operating under a high field emission current density. As a result, a higher
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turn-on-field was required to offset the field emission degradation. A second
explanation is that the nanosheets with the highest local current density were
destroyed; therefore, a higher turn-on-field was required to offset the field
emission degradation caused by the loss of /? factor. There are no experimental
results to confirm either of these hypotheses. However, by testing a nanotube’s
l-V curve under SEM, Dean8 demonstrated that a nanotube’s geometry can be
physically destroyed via a thermal effect if emission current is too high. Dean’s
experiment suggests “loss of beta factor" might be more probable in nanosheet
testing.
The direct way to acquire high emission current is by elevating the cathode
voltage. This method increases the local field and consequently, the local
emission current density (/,).

If some nanosheets have a very high beta factor,

the local current density would be extremely high and damage the emission sites
(edges), either by the thermal effect or by a field-induced evaporation mechanism.
So far, there is no experiment to verify the damaging mechanism, but in Dean’s
work8,9, the local current at the carbon nanotube’s apex reached 108A/cm2 before
failure, consistent with recent calculations10 that the maximum current density for
electron transport in nanosheet is 108A/cm2. This suggests that thermal effects
induced by the high local current density could “burn-out” the edges of
nanosheets even though the field emission process is not a thermal process.
With more high-beta edges (“hot-runners”) destroyed at a continuously
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elevated total emission current, more edges with medium values of beta factor
(“middle-class”) can be turned-on. The total current is no longer determined by a
few edges, but by a large population of edges instead. Mathematically, both the
number of field-emitted nanosheets (iV,.), and the emission area (51,) increase.
The total current increment via this (large population) pattern is beneficial for field
emission applications, because the local field emission current density won’t be
too high to destroy the hot-runner edges and the carbon nanosheets will be more
rugged.

SUMMARY
This section discussed the field emission phenomena of nanosheets. In the
low emission current range (<1 /uA ), hydrogen adsorbates affect the field
emission properties of nanosheets via work function. In a higher current range
(>10 f i A ), the local emission current density has the most effect on field emission.
If carbon nanosheets are used as practical field emission sources, then their
geometrical field enhancement (/?) factor and work function ( ^ ) should be as
uniform as possible.
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4.6 FUNCTIONAL COATING ON CARBON NANOSHEETS*
4.6.1 INTRODUCTION
To enhance the field emission properties of carbon nanosheets, functional
coatings were applied to the surface of the nanosheets. A uniform ZrC coating
was chosen for its low work function1 and high temperature endurance. After
applying the coating, scanning electron microscopy (SEM) technology was used
to survey the coating’s morphology, and Auger electron spectroscopy (AES)
technique was

used to characterize the coating’s chemical composition.

Furthermore, field emission l-V tests were utilized to evaluate the coating’s
efficiency for field emission enhancement. Finally, a schematic model was
suggested to explain why the present coatings did not enhance the field emission.
4.6.2 METHODS TO FABRICATE AND CHARACTERIZE AFUNCTIONAL
COATING
Carbon nanosheets are ideal candidates for field emission sources
because their sharp edges and corners contribute high local field enhancement
factors (y8). Because graphene planes are the basic units of the nanosheets and
the mean work function ( $) of graphite2 is ~4.8 eV, a low work function coating
could be introduced on the apex of the nanosheet edges to further enhance
emission performance. Mackie1 reported a ZrC with a work function of ~3.5eV,
which is much lower than that of graphite materials (~4.8 eV). lannazzo’s
computation work3 showed if work function decreases 25%, the emission current
density could increase 2~4 orders of magnitude. Coating material with such a low
work function, added to any field emission source, should greatly improve the field
‘ Research result in this section was presented at the AVS International Meeting (2004).
Xin Zhao was honored with first prize student award for his poster presentation.
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emission current. Therefore, our research proposed a novel method to introduce a
low work function ZrC coating to the surface of the nanosheets, as a way to
increase field emission performance. Schematics of this process are shown in
figure 4.6.1.

FIGURE 4.6.1
(a)
CNS

(b)

Z r/ZrO x

CNS

Z r (ZrOx)
Pt wire

Pt substrate

(a) A proposed process to make ZrC functional coating,
used to enhance field emission by decreasing nanosheets
edges’ work function, (b) Test sample for field emission.

The following is a simple description of the fabrication process. First,
carbon nanosheets were deposited on a Pt substrate. Then 1 nm of Zr was
uniformly deposited on the nanosheets by electron-beam evaporation (via Lebow
Company). Then, through an ex-situ transfer, the sample was placed in an ultra

high vacuum (UHV) chamber. The Zr surface was oxidized due to exposure to the
atmosphere. In the (UHV) system, the Pt substrate was resistively heated to
promote the formation of ZrC. Driven by the thermal energy, Zr atoms on top of
the carbon nanosheets diffused into the graphene layers, and then reacted with C
atoms to form Zr carbides. This is the first thing to happen because all the Zr
atoms are oxidized so O has to be removed to from Zr. The oxygen atoms then

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

182
left the

coating as either CO or C 0 2 gasses. There are two reaction formulas to

describe this process, one resulting in the release of CO and the other, C 0 2.

rxn[ \ \ : Z r0 2 + 3C => ZrC + IC O (g )

[4.6.1]

rxn[ 2]: Z r0 2 + 2C => ZrC + C02(g)

[4.6.2]

TABLE 4.6.1
In UHV

AGra[1] (Kcal/mol)

AG«„[2](KCal/m01)

1200°C

-101

-13

The Gibb’s free energies4 (A G ^ ) required to eliminate
oxygen and fabricate ZrC at temperature 1200°C. The
partial pressure of CO is 2.25E-8 Torr and C 0 2 is 2.9E-8
Torr (see figure 4.6.4).

To

make

the

reaction

rates

of

equation

[4.6.1]

and

[4.6.2]

thermodynamically favorable, the partial pressure of the gas products, CO and
C 0 2should be greatly reduced during reaction. The Gibb’s free energies (A Grxn) of
both reactions are listed in table 4.6.1. The values indicate that both reactions are
thermodynamically favored. Furthermore, during the reaction, it’s necessary to
prevent O contamination from H20 gas desorbed from chamber wall. Therefore, a
UHV environment is indispensable for this purpose. Figure 4.6.2 is a mass
spectrum of the UHV chamber. It reveals that the partial pressures of CO and C 0 2
were low enough to enhance the reactions. And the partial pressure of H20 is low
enough (<2E-10 Torr) to prevent water molecules reacting with Zr during the
heating process (<2 min).
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FIGURE 4.6.2
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Mass spectrum of the UHV chamber at 298K indicates the
partial pressure of residual gases. The total pressure was
4.5*1 O'10 Torr

To characterize the coating, AES was used to survey the sample surface
in-situ immediately after heating. Figure 4.6.3 shows a real-time experiment
process. The sample was heated to 1200°C and oriented with optimal take-off
angle into the DP CMA.

Aquadrupole mass spectrometer, R G A 100™ was used

to record the partial pressure of the product gases. Figure 4.6.4 shows that CO
and CO 2 were released by heating the sample to 1200°C. Initially CO was the
dominant product gas as indicated in the blue line. Then CO 2 increased and
became the major product gas.
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FIGURE 4.6.3

DP CMA

Pt substrate

Carousel

Carbon nanosheets on Pt substrate optimally oriented with
the DP CMA. The nanosheets were heated via electric
current of 30A through the Pt substrate.
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FIGURE 4.6.4
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Mass spectra of residual gases in the UHV chamber. The
quantity of each gas species is presented as a partial
pressure. The spectra were recorded at different times
during the heating process. Sample temperature at
120(TC.

4.6.3 MORPHOLOGY OBSERVATION BY SCANNING ELECTRON
MICROSCOPE
To observe the morphology of the carbon nanosheet coating, an ex-situ
scanning electron microscopy (SEM) was utilized to survey the sample after each
stage of treatment. Figure 4.6.5 shows the nanosheets with a uniform Zr coating.
The coating, introduced by electron-beam evaporation, is ~1nm thick. The coated
nanosheets showed no variation in morphology compared to the pristine carbon
nanosheets.
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FIGURE 4.6.5

SEM image of carbon nanosheets with a uniform Zr coating
1nm thick, taken before the nanosheets were heated.

After heating the sample to 1200°C, its morphology changes significantly.
As shown in figure 4.6.6, nanobeads were formed on the surface and edges of the
nanosheets, and uniformly distributed. The nanobeads are ~5nm in diameter.
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FIGURE 4.6.6

S-4700 S.OkV 4.1mmxSOOk SE(U)___________________

lOOnm

SEM picture of coated carbon nanosheets heated to 1200°C.
It reveals the nanobeads distributed uniformly on the surface.
Diameters of the beads are about ~5nm.
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Chemical analyses of the samples were obtained using the AES technique.
As shown in figure 4.6.7, only carbon was found on the surface of the pristine
carbon nanosheets (before Zr coating).
FIGURE 4.6.7
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AES spectrum of a pristine nanosheet sample indicates no
elements other than carbon were found at the surface.

FIGURE 4.6.8
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(a) AES spectrum of 1nm Zr coated CNS before heating.
Oxygen bonds with Zr as zirconium dioxide, (b) An
enlarged view of the C peak from figure (a). The single C
Auger peak shape suggests carbon is present in a graphite
structure.
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Figure 4.6.8 (a) shows the AES survey of carbon nanosheets after coating
(sample showed in figure 4.6.5). The appearance of an 0 peak indicates the
presence of oxygen in the Zr coating (Z r0 2). This addition of O could be explained
by the sample’s exposure to the atmosphere when surface 0 2 from the air
diffused into the Zr coating and oxidized. Figure 4.6.8 (b) shows the coating didn’t
change the bonding features of C atoms in graphite structure (sp2 bonds).
Figure 4.6.9 shows the AES survey of coated carbon nanosheets after
heating to1200°C. As shown in figure 4.6.6, after heating, the morphology of the
Zr coating has nanobeads uniformly distributed on the surface. In figure 4.6.9 (a),
the oxygen peak is greatly reduced compared to that in figure 4.6.8 (a), which
suggests that, after heating to 1200°C, oxygen left the nanosheet’s surface as CO
and C 0 2. Figure 4.6.8 (b) indicates that some C atoms are still in a non-carbide
structure. However, the beginning of a “triple-peak” feature of C in figure 4.6.9(b)
proves that ZrC was formed5 after heating the sample to 1200°C.
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FIGURE 4.6.9
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(a) AES spectrum of carbon nanosheets coated with 1nm
Zr after heating to 1200°C. Compared to that of the
unheated sample, the peak-to-peak height of the O peak is
greatly reduced. Oxygen probably desorbed with C as CO
and C 0 2 gases, (b) The C “triple-peak” feature5 suggests
Zr carbide was formed.

To verify the formation of Zr carbides, a similar fabrication process (see
figure 4.6.1) was repeated using a 10 nm Zr coating instead of a 1 nm Zr coating.
Figure 4.6.10 (a) is the AES spectrum of the 10 nm Zr coating sample after
heating to 1200°C. Its carbon triple-peak feature (see figure 4.6.10(b)) is much
more evident than in figure 4.6.9(b). Because a thicker layer Zr coating has more
Zr atoms, more ZrC is formed, which could explain the triple-peak feature
enhancement observed in figure 4.6.10 (b).
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FIGURE 4.6.10
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(a) AES spectrum of 10nm Zr coated CNS after heating, (b)
The carbide peak is more pronounced with a thicker Zr
coating.

From the experimental results described above, it is clear that heating Zr
coated samples to 1200°C leads to the formation of Zr carbides. However, it is
necessary to understand how different temperatures affect the formation reactions.
Figure 4.6.11 plots the chemical concentration ratios of element O, Zr and C in the
coated samples vs. temperatures. The figure suggests that 1000°C is a critical
value for the reactions. Below that temperature, no observable reactions occurred.
Above 1000°C, however, the reaction phenomenon as measured by AES became
very obvious. Figure 4.6.11 and its corresponding experiments supported a
previous hypothesis (see table 4.6.1) that a temperature above 1000°C is an
indispensable condition for producing zirconium carbides from zirconium oxides.
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FIGURE 4.6.11
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Chemical concentration of carbon nanosheets varied by
heating. Before heating, the nanosheets were covered by a
uniform Zr coating 1 nm thick. A temperature of 1000°C is
necessary to chemically generate CO and CO 2 .

4.6.4 MODELING OF THE ZR COATING
Using information from previous SEM and AES experiments, a schematic
model is proposed to explain the unique effect of the nanobeading coating. The
process is best explained as follows: pristine carbon nanosheet samples were first
covered in a vacuum with a uniform Zr coating. This process took place at the
LEBOW Company in California. In figure 4.6.8(a), AES reveals the O peak
induced by this surface oxidation. Once the contaminated samples were heated to
1000°C, the Zr and surface C atoms diffused, coalesced, and grew up as islands.
This growth mechanism was caused by the distinct crystal structures of graphite
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(2 dimensional honeycomb-like sp2 network) and ZrC (fee NaCI structure6). During
the process of coalescence, C atoms from the nanosheets diffused and then
combined with O atoms associated with Zr oxides. Recombined CO and CO 2
finally desorbed from the coating as gas products after the reactions (see
equations 4.6.1-2). For nanosheets with a Zr coating 1nm thick, after heating, the
conglomerates of ZrC ended up as 5 nm diameter islands (see figure 4.6.6). For
nanosheets with a Zr coating 10nm thick, after heating, the size of the ZrC
conglomerates are much larger, (see figure 4.6.12) with more residual O atoms.
Therefore, it is the thickness of the Zr coating before heating, as well as the
crystal structure’s mismatch-induced surface energy, that determines the unique
nanobeading morphology.

FIGURE 4.6.12

ZrO.

CNS
Schematic model of the possible structure of small
nanobeads on a CNS. For a 1nm coating, smaller
nanobeads formed after heating. Compared to the situation
shown in figure 4.6.13, these beads absorbed less oxygen,
and covered ~20% of the nanosheets’ exposed surface. At
the interface between the CNS and nanobeads C reacted
with Zr and formed a carbide
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FIGURE 4.6.13

ZrCO

ZrJCJO.

Schematic model of large nanobeads on a naonsheet. For
10nm coating, larger beads formed after heating.
Compared to the situation shown in figure 4.6.12, these
nanobeads were at least 10 times larger than those formed
on the 1 nm coating, and absorbed more oxygen We
suggest the nanobeads have a carbon gradient along the
normal direction.

4.6.5 FIELD EMISSION TEST AND ANALYSIS
Field emission properties of the nanosheets covered with nanobeads
were tested. Figure 4.6.14 shows the field emission l-V tests of the samples. Each
curve is the mean of three samples, and the standard deviation is shown in the
figure. As suggested by figure 4.6.14, with the coating of nanobeads ~5nm in
diameter (see figure 4.6.6), the samples’ l-V curve (in blue) falls just in the range
of the pristine carbon nanosheets (marked by the red zone), signifying that the
field emission properties of the nanobeaded samples are no different than the
pristine nanosheets. However, with the coating of nanobeads ~50nm in diameter,
the samples’ IV curve (in red) is beyond the range, signifying a degeneration of
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the field emission properties. Compared to the pristine nanosheets without the
nanobeaded coating, the nanosheets with a nanobeaded coating did not present
a field emission enhancement effect. To explain the impact of the nanobeaded
coatings on the field emission properties, a schematic diagram (see figure 4.6.15)
is presented.

FIGURE 4.6.14
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Field emission l-V tests of carbon nanosheets after heating.
For the nanosheets with 5nm nano-dots, testing showed
turn-on-field (10nA) is about 8.6V/pm. For carbon
nanosheets with 50nm nanobeads, turn-on-field (10nA) is
about 14.5V/pm. Red zone marks as-deposited nanosheet
field emission range.

The turn-on-field of samples with 5nm nanobeads (as shown in figure
4.6.15 (a)), compared to pristine carbon nanosheets, reveal no improvement. One
possible explanation could be the trade-off effect between the lower work-function
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{(/>) of ZrC nanobeads, and a decreased local field enhancement factor (/?) by the
beads’ geometry.
It is known via Mackie’s research1 on single tips that zirconium carbide can
enhance field emission by lowering work function. In his study, the field emitters
were made by single crystal carbide rod, and AES survey indicated the bulk
emitter has a formula ZrC0.9 2 - However, what is the crystal structure, chemical
composition and crystalline orientation of the zirconium carbide with the lowest
work function is unknown.

According to Guillermet’s study6 on zirconium-carbon

system, the thermodynamic stable phases of Zr carbide are the NaCI-type
structure non-stoichiometric carbide ZrCx, w i t h x < l . Figure 4.6.16 shows a
calculated Zr-C phase diagram made by Guillermet. The phase diagram reveals
in a thermal equilibrium state the formula of ZrCx is not fixed. Therefore, the Zr
carbides made in our process might have a wide distribution in the formula. In the
distribution, it’s not necessary that all the carbides have low work function (~3.5
eV). Thus, it’s probably only a fraction of nanobeads or some facets of the
nanobeads have the low work function (~3.5 eV). Furthermore, it was found by
AES survey the nanobeads contained residual O impurities even after annealing.
For those nanobeads with a complex structure of Zr, C and O elements, their work
function could be very high.
The field emission performance gained by a ZrC coating with a lower work
function than that of graphite might be offset by the degenerated geometrical field
enhancement factors (/?).

For example, pristine nanosheets with fully exposed

edges have a higher enhancement value than that of segmented edges (like/?5).
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The lower emission and higher turn-on-field of the 50nm nanobeaded
samples could be explained by an even smaller enhancement value with a larger
dot size. As figure 4.6.15 (b) suggests, /?3 must be much smaller than #
because of the obvious dimension variation.
Neighboring nano-dots would inevitably perturb isolated edge segments of
the nanosheets. Therefore, the dimension size effect on the edge segment would
be distinct. We suggest that J35\s larger than /?3 with less shielding influence
from nearby clusters.
We expect in-plane enhancement factors, like /?2,/?4,/?7and/?8, to have
less influence than that from edges and apexes, like /?,,/?3,/?5 andy06, which
have larger geometrical curvatures.

Edges and apexes could be the real field

emission sources.
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FIGURE 4.6.15

(b)

(a)

Schematic diagrams of carbon nanosheets after heating,
with 5nm (left) and 50nm (right) nano-dots respectively.
The preferential morphology of Zr coated nanosheets are
nano-dots, which is explained by the distinct crystal lattices
of carbon nanosheets with hexagonal graphene planes
and ZrC with fee NaCI structure

FIGURE 4.6.16
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SUMMARY
A surface reaction was used to introduce a low work function, ZrC coating
on surface of carbon nanosheet samples. This heating process fabricated
nanobeads on the sample’s surface and edges. AES indicated that some
zirconium carbides formed. But after the annealing, oxygen impurities still resided
in the Zr(CxOy) nanobeads, which could lead to high work function and low electric
conducting properties. Field emission performance of the nanosheet samples with
nanobeads did not show any field emission enhancement, which could be
explained by the nanobeads local geometry effect (/?) and work function effect.
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CHAPTER V
SUMMARY AND FUTURE WORK
5.1 SUMMARY

This dissertation centers on experimental studies of the field emission
properties of carbon nanosheets. Research discussed in this dissertation is
divided into four areas. In the first part, (section 4.1) field emission testing system
was calibrated via Mo single tip. A Ca nanotip on a Mo tip was formed and
characterized by FEES. In the second part, field emission properties of carbon
nanosheets were tested (section 4.2-4.3) and analyzed (section 4.5). Hydrogen
adsorbate in nanosheets was found greatly impact field emission. To survey the
bonding feature of H in nanosheets, the third part, (section 4.4) describes a
thermal desorption spectroscopy (TDS) study of hydrogen adsorbates in carbon
nanosheets. The fourth part, (section 4.6) discusses the production of a ZrC
coating, used to enhance the field emission properties of carbon nanosheets.
The discussion in section 4.1 focuses on the instantaneous formation of a
nanotip,

during

l-V

ramping,

on

a

Mo<110>

microtip.

Auger electron

spectroscopy (AES) indicates that surface Ca atoms segregated from the Mo
microtips’ bulk during thermal cleaning. Auger electron spectroscopy also
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revealed that this segregation concentration was determined by the treating
temperature. Most likely, surface Ca is the source of mobile atoms that formed the
nanotip. After cleaning the tips at 1400°C, AES readings detected calcium peaks,
suggesting that the composition of the nanotip was, indeed, calcium. Since
oxygen tracked the Ca, the nanotip probably was CaOx complex. The field
emission energy spectrum of the calcium nanotip was taken by DP CMA in an
ultra high vacuum, with the temperature of the field emission source at 295K. The
field emission electron beam of the nanotip was found to have an energy
distribution of 68 meV FWHM. This narrow energy distribution is attributed to the
nanotip formed by field induced surface diffusion on the ~75 nm radius Mo tip in
situ. Field emission energy spectra show a discernible doublet that is attributed to
a variation in the localized density of states of the nanotip.
In section 4.2, field emission experiments on carbon nanosheets were
found to deviate from the expectations of the F-N theory as discussed in chapter 2.
For example, the F-N theory cannot explain the buildup or catastrophic failure
events in field emission l-V testing. To stabilize the field emission performance of
carbon nanosheets, a carefully designed conditioning program was required. By
regulating the cathode voltage for a period of time, this conditioning was achieved,
so that the nanosheets’ field emission current was stabilized. During the
conditioning, hydrogen desorption was observed. Our experiments suggest that,
in the low emission current range (<1 juA), the field emission properties of carbon
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nanosheets are impacted by hydrogen adsorbates via work function. However, in
a higher field emission current range (>10^ A ) , it is not the work function but
rather the local field emission current density that has the most impact on the field
emission properties of carbon nanosheets. Induced by extremely high local
emission

current density,

nanosheet edges with the

largest beta factor

(“hot-runners”) are destroyed first, thereby causing more edges with medium
values of beta factor (“middle-class") to be turned-on. If carbon nanosheets are
used as practical field emission sources, their geometrical field enhancement (/?)
factor and work function ( ^ ) must as uniform as possible.
In section 4.3, the temperature desorption spectra of carbon nanosheets
showed surface and bulk desorption peaks from the recombination of hydrogen
atoms. The desorption process, including H atom diffusion, recombination and H2
molecular desorption, is known as the Langmuir-Hinshelwood mechanism. The
empirical spectrum was numerically explained via the Polanyi-Wigner equation.
The ratio of the bulk to surface H atom concentration was found to be ~ 6/1.

The

surface desorption activation energy of 0.59 eV has been favorably compared to
several density functional calculations reported in literatures [ref]. A comparison of
the empirical TDS spectra of carbon nanosheets to that of a-C: H films from other
researchers [ref] shows that both spectra are similar, but that the nanosheets
incorporated a greater amount of hydrogen bonding to sp2 hybridized carbon
rather than sp3 hybridized carbon.

This is expected, since the carbon

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

204
nanosheets are far more graphitic in their long range order structure, than the
amorphous films.

The graphitic character is confirmed by XRD and Raman

spectroscopy, which give average crystallize domain size (La) ~ 11 nm.

Raman

spectroscopy also reveals a 25% crystallite increase in the carbon nanosheets’
after TDS.

This grain growth might result from the removal of hydrogen, leading

to the surface relaxation, recovery, and thermal ordering of the nanosheets.
Finally, since the C-H bonding energy on the edge of the graphene sheet has
been calculated as high as 4.8 eV, and substrate temperatures as high as 3000K
are needed for complete hydrogen removal, we concluded that the TDS and
thermal

annealing

(<1273

K) processes that we

used

did

not remove

edge-bonded hydrogen in high bonding strength.
In section 4.4, carbon nanosheets were coated by a Zr thin film, then
heated in a UHV chamber to produce ZrC, a low work function material.

The

heating treatment formed nanobeads on the sample’s surface and edges. Auger
electron spectroscopy indicated that some Zr carbide formed, containing residual
O elements. The oxygen impurity was introduced from the atmosphere during
delivery. The nanobeading effect is caused by the crystal structures’ mismatch of
graphite

(2 dimensional honeycomb-like sp2 network) and ZrC (fee NaCI

structure).

Field emission properties of the nanosheet samples with the

nanobeads did not show any field emission enhancement effect due to
edge-rounding-induced degeneration of the local geometry (/?) effect.
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In retrospect, the highlights of this dissertation work are: I. a Ca nanotip
was discovered on Mo microtip surface; II. Field emission mechanism of
nanosheets was analyzed; III. The bonding features of H in nanosheets was
studied; IV. A process was developed to fabricate ZrC low work function coatings.
5.2 DIRECTIONS OF FUTURE WORK

After this dissertation work, there are several directions that remain open
for follow-on research. This section lists four general directions for future work.
The first direction is on the further study of nanosheet field emission mechanism.
The second one is on the further study of hydrogen adsorbates in nanosheets.
The third direction is to improve low work function ZrC coating. The fourth one is
to extend the applications of our surface analysis system.
5.2.1 FIELD EMISSION MECHANISM STUDY ON CARBON NANOSHEETS

From a carbon nanosheet thin film sample, a maximum current of 4mA (or
current density 1A/cm2) has been measured. To improve the field emission
current from carbon nanosheets above 10mA, it is necessary to answer the
following questions.
Q1 WHAT IS THE EMISSION SITE DENSITY FROM A CARBON NANOSHEET
SAMPLE?

SEM images show carbon nanosheets randomly distributed on a thin film
sample. In a \ x \ m m 2sample, there are thousands, if not millions, of nanosheets.
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During the field emission process, the percentage of nanosheets that turn on is
not yet known. This percentage is important, because it determines the sample’s
maximum emission current. If only a tiny ratio of the nanosheets turn on, these
nanosheets would have to bear a very high local current density. At high emission
current value, these nanosheets could be over-driven and destroyed by an
extreme local current density. In previous field emission tests of carbon nanotube
(CNT) or nanoflakes thin film samples1,2, non-uniform field emission patterns were
observed. Because CNSs are similar to CNTs in their geometrical configuration,
based on Dean’s prior research, we hypothesized that at a high emission current
value, carbon nanosheets could be over-driven and destroyed by an extreme
local current density as well. An efficient way to understand the emission site
density is by imaging the field emission patterns of carbon nanosheets. To select
an imaging technique for this purpose, it is important to have the imaging
resolution be less than, or equivalent to, the length of the nanosheets. With such a
high resolution, the emission site density could be clearly detected.
Q2 WHAT IS THE MAXIMUM EMISSION CURRENT PER NANOSHEET?

If all the nanosheets in a thin film sample could be uniformly turned on,
the sample’s maximum total emission current will be limited only by the maximum
emission current per nanosheet. So far, the maximum value of emission current
from a single piece of nanosheet is unknown. When this value became available,
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it could be used as a criterion to limit the max cathode voltage in order to prevent
over-driving carbon nanosheets to catastrophic failure. A possible technique for
measuring the maximum emission current from a single nanosheet is to test the
nanosheet’s l-V curves using a real-time SEM imaging process. Already, the field
emission l-V curves of a single wall carbon nanotube have been successfully
tested under SEM. Dean et al.2,3 found a single wall carbon nanotube can emit a
maximum current of 2juA. Minoux4 reported emission current of 100 juA from a
carbon nanotube emitter.
Q3 WHAT IS THE WORK FUNCTION OF CARBON NANOSHEETS?

The Fowler-Nordheim (F-N) model indicates that work function and
geometrical field enhancement ( / ? ) factors are two of the most important
parameters that determine a sample’s field emission current density. However, the
work function of a carbon nanosheet is presently unknown, either experimentally
or theoretically.

Currently, the work function of carbon nanosheets is assumed to

be similar to that of graphite (4.8 eV), based on the fact that carbon nanosheets
and graphite have the same bulk crystal structure. However, it is the work function
of the edge geometry that really affects field emission. Therefore, if the edge of a
carbon nanosheet is the actual location of the field emission process, then the
difference in the effective work functions of graphite and carbon nanosheets might
be considerable. Furthermore, the hydrogen adsorbates at the terminating edges
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also affect the work function of carbon nanosheets. The work function of carbon
nanosheets could theoretically be calculated by the ab initio method, based on the
structural modeling of the edge atoms. Our present understanding of the C-H
bonding configuration on nanosheet edges can help implement this ab initio
calculation. To determine the work function of carbon nanosheets experimentally,
new techniques are necessary to measure work function, because conventional
techniques, such as the Kelvin probe, cannot measure a material’s work function
on the nanometer scale.
Q4 WHAT IS THE ACTUAL GEOMETRICAL FIELD ENHANCEMENT ( J3)
FACTOR OF NANOSHEETS

Besides work function, electric field is another important factor that
determines the field emission current density. Carbon nanostructures are suitable
for field emission cathodes, because their surface field can be greatly enhanced
via their actual geometry. However, the enhancement factor of nanostructures is
still unknown. Based on structural modeling of 2-3 graphene edges, and aided by
SEM images, a reasonable simulation of the enhancement factor could be
numerically determined.
Q5 WHAT IS THE EFFECTIVE RESISTIVITY OF CARBON NANOSHEETS
COMPRISED OF 2-3 GRAPHENE PLANES

The electrical resistance of carbon nanosheets might induce a thermal
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effect at high field emission current. The thermal effect might be one of the key
factors leading to catastrophic failures of nanosheets during a high current field
emission process. Hydrogen adsorbates and other defects in the nanosheets
probably impact nanosheet resistance. To measure the resistance of a nanosheet,
a four-point probe l-V test system running under a vacuum environment could be
used.
5.2.2 HYDROGEN IN CARBON NANOSHEETS

One of the significant issues not experimentally characterized in this
dissertation work is hydrogen in carbon

nanosheets. Thermal desorption

spectroscopy (TDS) experiments in this dissertation (section 4.4) indicate that
there are large amounts of H incorporated/adsorbed in the nanosheets. Thermal
desorption spectroscopy experiments and microbalance weighing provide an
estimated H/C ratio of 1 to 4.5. However, this value is not very accurate because
the current weighing technique has a large system error. Future work must
accurately measure the H/C ratio using thermogravimetry and mass spectrometry
techniques. In addition to the chemical information of carbon nanosheets, such as
their H/C ratio, structural information of carbon nanosheets such as C-H bonding
configuration needs further study. Schenk and Benier’s work [ref] has shown that
electron energy loss spectrometry (EELS), high-resolution electron energy loss
spectrometry (HREELS), and Fourier transfer infra-red spectroscopy (FTIR) are
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suitable for characterizing C-H bonding in a-C:H (amorphous hydrocarbon) films.
In future work, these techniques should be applied to further characterize the C-H
bonding found in carbon nanosheets.
5.2.3 FUNCTIONAL COATING ON CARBON NANOSHEETS

One way to enhance field emission current is to coat a low work function
material on a field emission source. Research by Mackie5 reveals that a ZrC
coating on a single tungsten tip can efficiently improve field emission. In this
research, a ZrC coating on carbon nanosheets was deposited, (see section 4.6),
but because the oxygen contamination from the atmosphere could not be fully
removed, the coating did not improve field emission. In order to accomplish a
proper coating in future work, the following procedures should be conducted.
Initially, carbon nanosheets could be coated with a Zr thin film less ~1nm
using electron beam evaporation in a high vacuum chamber (10'9 Torr). The
nanosheet sample could then be heated up in-situ to a temperature where the Zr
and C form ZrC. During the heating process, surface Zr atoms will diffuse and
recombine with C atoms in graphene planes and on the edges. The identifying
landmark characteristic of zirconium carbides (ZrC) is their “triple-peak” carbon
feature. AES will immediately be utilized to characterize the Zr-C bonding
configuration. If a ZrC crystal had been successfully formed, the field emission
properties of the sample will immediately be examined by l-V tests.
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However, in the process described above, there are some potential issues
that might retard the field emission enhancement effect. For instance, if the initial
Zr coating is too thick, then the ZrC conglomerate might/will be so large that the
geometrical field enhancement effect of the carbon nanosheets could be
degraded. However, if the initial Zr coating is too thin, then the ZrC conglomerate
might/will be too small to detect the “triple-peak” feature. Therefore, it is
necessary to determine, by trial and error, the optimum thickness of the Zr coating.
Researchers should rely on l-V tests, not the AES “triple-peak” feature, to
determine this optimal thickness.

The optimal thickness is the one that would

deliver the highest field emission enhancement effect. If a work function of 3.5 eV
is achieved (rather than the average work function of graphite, 4.8 eV), it might
provide an increase in emission current of more than 2 orders of magnitude,
according to the F-N theory.
Another concern regarding the ZrC coating is the uncertain relationship
between the crystal structure of ZrC, and the work function of ZrC. Work function
is determined by both crystal structure and crystal orientation, but previous
research has not revealed which crystal structure or which crystal orientation of
ZrC can deliver the lowest work function. This is something that must be
determined in the future.
One other issue requiring further investigation is how to introduce ZrC on
carbon nanosheet edges. Previous studies have shown that ZrC and graphite
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have different crystal structures, therefore, a ZrC conglomerate might form beads
because of its poor wetting affinity to the graphene plane. Thus, future research
must determine how to align the ZrC nanobeads along the nanosheet edges.
5.2.4 EXTENDED APPLICATION OF SURFACE ANALYSIS SYSTEM:

Based on the available facilities in the surface analysis system (SAS),
electron energy loss spectroscopy (EELS) could easily be conducted to extend
the testing capability of the analysis system. The working process of EELS is to
irradiate sample surface by using a primary electron beam, e.g. 140 eV, then to
detect energy distribution of the backscattered electron beam. Features of the
energy spectrum would present structure information of the irradiated material.
For instance, EELS can indicate n

and n + <j

plasmon in graphite. This

technique is especially useful for characterizing carbon materials, which is the
material of most interest in the thin film lab.
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